For Reference 


NOT TO BE TAKEN FROM THIS ROOM 


For Reference 


FE 


NOT TO BE TAKEN FROM THIS ROOM 


Ex AIBRIS 
UNINERSUTACIS 
AIBERCAEASIS 


: LDsc rr) 


— 


THE UNIVERSITY OF ALBERTA 


VINYLTRIMETHYLENE 
AND 


TRIMETHYLENEMETHANE 


BY 


(C) DOUGLAS M. CAMERON 


A THESIS 
SUBMITTED TO THE FACULTY OF GRADUATE STUDIES 
IN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE 


DEGREE OF DOCTOR OF PHILOSOPHY 


DEPARTMENT OF CHEMISTRY 
EDMONTON, ALBERTA 


MAY 1967 


ATAIaIA TO YDTAAAVIMG SET 


IMAIYATAMIALIYWIV - 
IMAHTAMIMG IYATSME AT her or 


ya _ 


yo" 
YOSEMAD .M @AIOUOd : 9) . 
~. 4 1 


’ 


eleaHT A 


IHT HOF STMIMIALUPSA, aur 70 TMEMITLIUT « | 
YHIO20,1TH9 “a0 AOTOOG, 70 


- ii - 


THE UNIVERSITY OF ALBERTA 


FACULTY OF GRADUATE STUDIES 


The undersigned certify that they have read and 
recommend to the Faculty of Graduate Studies for acceptance, 
a thesis entitled VINYLTRIMETHYLENE AND TRIMETHYLENEMETHANE 
submitted by Douglas M. Cameron, in partial fulfilment of 


the requirements for the degree of Doctor of Philosophy. 


- iii - 
ACKNOWLEDGEMENTS 

The author would like to take this opportunity to 
acknowledge those who were instrumental in helping him 
during the course of this work. 

The author is particularly grateful to Dr. R.J. Crawford 
for conceiving this research problem and for his constant 
guidance and invaluable ideas. Interesting and informative 
discussions with fellow students in the chemistry department 
were very helpful and stimulating. Special thanks are due to 
Dr. A. Mishra for his help with the kinetic apparatus and for 
many helpful discussions during the initial stages of this 
work. 

The author would like to thank Mr. Bob Swindlehurst, 

Mr. Jim Hoyle, and Miss Sue Southern for their services in 
the spectroscopy laboratory; Mr. Glen Bigam and Mr. Peter 
Gibbs for measuring the 100 Mc nuclear magnetic resonance 
spectra; Mrs. Darlene Mahlow for performing the microanalysis; 
and Mrs. Marion Glenn for the time and effort spent in typing 
this thesis. 

Finally, the author wishes to thank his wife, Betty, for 


her patience and encouragement during this work. 


** 


o43 yi inva roqgqo ans 1 3 of | rf | 
mid gatqied at Yesmomeadaht sew of 
stwex) .U.A 20 02 fuReseng | 
tapiemoo abd 102 bas 
evistamtotal bas pensenroant peng atninik ie: 
nemixsqeb yrseimeds ort at edasbuse: wolfe d3iw emot ws 
eub sxs etnsdd Istosq@ .gaiteiumtse bas Iniqied coe - ‘ 


2 bas euts7Bqq5 otsenta i ad dsiw qiod etd tot sadeiM Ye 
era 20 asgsie tetstab leds gatrub enoleevoalb kvagten 9 


= 


temunolbaiwe dod “i od eal bluow rodjus edt : 
ak agotviee tied xo? mzad4u0e eu eetM bas ,elyoH ‘en 
teted .1M bas msgid ast) .aM ;ysotsrodsl itt | 
ir oM oor ont aah enery eat: 


sonsnozex oltongam xsef: 


ee | ae 
ABSTRACT 

The thermal isomerization of vinylcyclopropane to 
cyclopentene has been suggested to involve a vinyltri- 
methylene intermediate. Evidence has been provided that 
l-pyrazoline gives an intermediate, upon thermolysis, that 
is similar to the intermediate involved in the cyclopropane 
to propylene isomerization. In this investigation the 
thermolysis of 3-vinyl-1l-pyrazoline, which is prepared by 
the addition of diazomethane to butadiene, is used as an 
alternate route to vinyltrimethylene. 

The thermolysis products are vinylcyclopropane (98.9%) 
and cyclopentene (0.9%) with trace amounts of the pentadienes. 
The yields show that closure of the intermediate to vinyl- 
cyclopropane is much more rapid than closure to cyclopentene, 
which is consistent with the observations of cis- trans- 
isomerizations in various 1,2-disubstituted cyclopropanes by 
other investigators. 3-Vinyl-l-pyrazoline has an activation 
energy for thermolysis that is 10.2 kcal. lower than that for 
l-pyrazoline due to allylic resonance stabilization of the 
rate-determining transition state. The observation of a 
secondary kinetic isotope effect in the thermolysis of 3-vinyl- 
l-pyrazoline-5,5-dzg indicates that both carbon-nitrogen bonds 
cleave in the rate-determining step even though one of them 
is allylic. A nmr spectrum of, the cyclopentene-d) produced 


showed that all of the deuterium is in the 4-position, which 
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indicates that cyclopentene arises directly from the inter- 
mediate, rather than from a "hot" vinylcyclopropane. However, 
a "hot" vinylcyclopropane results when 3-vinyl-1-pyrazoline- 
5,5-d, is thermolyzed above 160° as evidenced by higher 
yields of cyclopentene and the pentadienes, the formation of 
new products (butadiene and cyclopentadiene), and scrambling 
of deuterium in the cyclopentene-dy that is produced. 
Previous studies on thermolysis of 1-pyrazolines 
suggested that 4-methylene-1l-pyrazoline would produce 
trimethylenemethane, a species of considerable theoreti- 
cal interest. Preparation of this pyrazoline was accom- 
plished by addition of diazomethane to allene in ether so- 
lution. Thermolysis (E,=32.6-0.3 Seca) takes) Asi. j=-1.140.6 
eu.) gives only methylenecyclopropane and nitrogen. When 
4-methylene-1l-pyrazoline-3,3-d, is thermolyzed, the pro- 
ducts are methylenecyclopropane-2,2-d, (59.3%) and methyl- 
enecyclopropane-4,4-d5 (40.7%) rather than 66.7% of the 
former and 33 3% of the latter as expected if trimethylene- 
methane is an intermediate. However, the results of therm- 
olysis of 4-methylene-1-pyrazoline-3,3,6,6-d, reveal that 
the unexpectedly high yield of the latter product is due to 
an isotope effect in the product-determining step. Studies 
on secondary kinetic isotope effects indicate that simul- 
taneous cleavage of both carbon-nitrogen bonds occurs in 


the rate-determining step. All of the aforementioned 
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observations support the intermediacy of trimethylenemethane; 
however, whether it exists in the singlet state or undergoes 


intersystem crossing to its triplet ground state is not known. 
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CHAPTER I 
Bode ele Uan aL G. A 1, 
(A) Thermolysis of Pyrazolines 

Many investigators have suggested a trimethylene diradical 
Species as an intermediate in the isomerization of cyclopropane 
to propylene. Recently the investigation of l-pyrazoline as an 
alternative source of the same intermediate has been under- 
baken 17° Various methylated l-pyrazolines were thermolyzed, 
in the temperature range 185-280°, to produce cyclopropanes and 
olefins. The kinetic parameters are shown in Table I. 

Methyl substitution in the 3 or 5 position of pyrazolines 
produces a decrease of 1220 kcal. per methyl group in the 
activation energy. Since the activation energies for thermoly- 
sis of VI and VII were about equal to that of V, it was suggested 
that both carbon-nitrogen bonds were breaking simultaneously in 
the rate-determining step. If the bonds broke separately, then 
II and VI as well as V, VIII, and IX should have similar activa- 
tion energies, but this was not observed. 

That elimination of nitrogen was the slow step of the 
thermolysis was shown by control experiments whereby attempts to 
interconvert VI and VII failed. More conculsive evidence that 
the rate-determining step was the elimination of nitrogen to 


yield a hydrocarbon intermediate was obtained by comparison 
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OS) as 
of the rates and products of thermolysis of 4-methyl-1- 
pyrazoline (III) and 4-methyl-1-pyrazoline-4-d (XII). 15255 
No large kinetic isotope effect in the rate determining step 
(ky) was observed; however, there was a large isotope effect 
in the product-determining step (ky). Therefore the cyclo- 
propane and olefin products had to arise from a common 
intermediate. The intermediate must arise after the rate 
determining step and by virtue of the kinetic data in Table 
II, be free of nitrogen. 

More information about the intermediate was obtained from 
the yields of the various products of thermolysis of VI and 
VII. The trans-pyrazoline (VII) gives rise to mainly cis-l, 
2-dimethylcyclopropane whereas cis-pyrazoline (VI) forms mainly 


trans-1,2-dimethylcyclopropane. The nature of the products in- 


—l }... Een ee one. 


VII (trans) 
dicates that the two terminal carbon atoms of the intermediate 


are not completely free of each other's influence. The forma- 
tion of cyclopropanes and olefins was explained as arising 


from an intermediate. having the terminal methyl 
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TABLE I 


KINETIC PARAMETERS OF 1-PYRAZOLINE AND METHYL SUBSTITUTED 
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TABLE I (Continued) 


Compd. Ea (kcal.) Log A Pa iren eeae) 
ene ee ere ae i ie Bee Aa Rien eins 1250 Ee Ue): 
N= 39.0+0.4 15.42t0.21 8.9t0.9 
VIII 
N= oy el BAN gt 14.49t0.12 4.6t0.8 
ib 
rh , 
36.910.2 14. 740.10 5.8t0.5 
a 
CH, 


6 
(D) et 
ae: 2S (intermediate) Pe CH3 
3 ) : H(D) 


N=N 
III 


koy/k3yp «= =47.7/52.3 and kgp/k3p = 34.0/66.0; 


1.07t+0.03 


then koy/k3yk2p=1. 80t0.08, k1y/k1p 


TABLE II 


EFFECT OF DEUTERIUM SUBSTITUTION IN III AT 241.75°C 


Compd. 104k (sec7l % cyclopropane % 2-methylpropene 
igi 64.110.6 524350. 3 fg By Bal OG 
XII 59.510.6 66.010. 3 34.0¢0.4 


groups on C3 and C5 in the plane defined by C3, C4, and C5. Such 


an intermediate can exist as a singlet state species having the 
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symmetry of XIII and XIV. A conrotary~ mode of ring 
closure of XIV would explain the major products produced 
from the thermolysis of VI and VII. Hoffmann has carried 
out extended Huckel molecular orbital calculations on these 
systems and has suggested that XIV is more stable than XIII. 
The species XIII is also that predicted by application of 


Woodward - Hoffmann rules for electrocylic transformations, 


More information about the symmetry of the intermediate 


was obtained from the thermolysis of cis- and trans-4- 
y : 


XIII XIV 
deuterio-3-methyl-1l-pyrazoline (XV) and (xv1)8, Earlier, 
McGreer and Wu? obtained good evidence for hydrogen migra- 


tion concerted with nitrogen elimination in the olefin form- 


D 
H 
N 
C H3 ne CH 3 Jf 
XV XVI 


ing reaction when XVII and XVIII were thermolyzed. Their 
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conclusions were based on the observation that only one 
substituted 2-pentenoic acid derivative (XIX and XX) was 
formed in each case rather than a mixture of the two. 
Although McGreer and Wu's experiments were done in solution 
on compaunds which contained an election withdrawing group, 
their mechanism had to be considered in terms of the 
thermolysis of alkyl-l-pyrazolines in the gas phase. By 
thermolysis of XV and XVI, Erickson®’ was able to distinguish 
between McGreer and Wu's mechanism and the mechanism 
involving a symmetrical intermediate proposed earlier by 


Mishra.! An examination of the gaseous products by nuclear 


a ae other 
oe es + products 
CH3 CO9CH3 
XIX 
His ane other 
ae Lh cen + products 


Et  CO,CH3 


XX 

magnetic resonance ( nmr ) for the deuterium label was made. 
The integration ratios for cis- and trans-2-butene and 
1-butene indicated that hydrogen and deuterium migrate with 


equal propensity from both of the isomeric pyrazolines (XV 
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and XVI) as predicted by Mishra's mechanism. 

Evidence that the intermediate produced by the 
thermolysis of l-pyrazolines also plays a role in the 
isomerization of cyclopropanes to olefins was obtained by 
comparing the yield of propylene (10.8%) relative to cyclo- 
propane on the thermolysis of I with that predicted by 
Benson.34 From calculations based on the intermediacy of 
the trimethylene diradical in the isomerization of cyclo- 
propane and from methylene addition to ethylene, Benson 
predicted that such an intermediate would partition into 
about 90% cyclopropane and 10% propylene in agreement with 
the experimental results of Rabinovitch.35 The preceding 
observation and the data in Tables III and IV support the 
suggestion that the intermediate trimethylene diradical 
produced by cyclopropane thermolysis is very similar to 


that from thermolysis of 1l-pyrazolines. 


(B) Secondary Kinetic Isotope Effects 


The question of whether cleavage of both carbon-nitrogen 
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TABLE III 


COMPARISON OF BUTENE PROPORTIONS FROM THERMOLYSIS OF 


3-METHYL-1-PYRAZOLINE (I1) AND METHYLCYCLOPROPANE 


Reagent Temp. (°C. ) 1l-butene cis4?Z- trans-2- 
butene@ butene@ 
Te 250 1.0 0.63 0.34 
Methylcyclopropane 400 1.0 Dein 0.30 
Methylcyclopropane 469 ees, 0.63 0.28 


(a) Relative to 1-butene 
TABLE IV 


COMPARISON OF OLEFINIC PRODUCT PROPORTIONS FROM THERMOLYSIS 


3, 3-DIMETHYL-1-PYRAZOLINE (V) AND 1, 1-DIMETHYLCYCLOPROPANE 


Compd. Temp. (°C. ) 2-Methyl- 3-Methyl?- 2-Methyl@- 
2-Butene 1-Butene 1-Butene 
V 202 1.0 O205 trace 


1,1-dimethylcyclopropane 

447 1.0 1.06 0.018 
(a) Relative to 2-methyl-2-butene 
bonds occurs simultaneously or separately during thermolysis of 
alkylpyrazolines was not conclusively answered from kinetic 
data. Part of Chapter II of this thesis is directed at 
obtaining more conclusive evidence for the simultaneous cleavage 
by observations on secondary kinetic isotope effects. 


Seltzerll-14 has used secondary kinetic isotope effects 


to estimate the degree of bond-breaking that occurs in the 


enosud*" (20°Y queT ~~ 


-S-ensts ‘~S-ats 


dE .0 £3.0 o.! oes eS 
Oe aaa Hi? te eoNqeTg 
O£ .0 ft .0 Of | 008 onaqozgoforal wisel 


rs * aethell "Cis 


IydtoM-S -8iydsem-£ -Lydasl-S (.9°) .qmeT «ol yeqnebqmoD 
anotud-l 3 aotua~ | i 


90813 28.0 0.f Sos on v ‘ 
. > pe 28 ug Gus 
apegetac® pee 


o eteylomzed3 gatiub yistsisqe2 10 shetaahhtieall e1u290 


oitenia mort botewens ylevreutono> jon eaw disideae e 
te bedeotib et eaiesds eida Yo II t93qedd to a2at 6385 

I 3ivmte oda 20% ives evieufono> ex0m 
svselo euoens 29 soneb weet 
.atostis sqotoaet oka, a patos wo sxe 381 rgado . = 


ajosits eqosoet obsemta Be Sin beau esd 
up AA od 30 | — a 
i ° 


-10 
transition state during the thermolysis of various symmetrical 
and unsymmetrical azocompounds. He found, on comparing 
azobis--phenylethane (XXIa) with azobis -X-pheny lethane-ajc-dy 
(XXIb), an isotope effect, kyyqa/kyxtp = 1.27, which 
suggested that both carbon-nitrogen bonds were breaking in a 
simultaneous process. Decomposition of %-phenylethylazo-2- 


propane (XXII) presented a somewhat different picture. The 


ms CH3 CH3 CH3 
| | 
G6bseu.C Wo febiirs } - C6Hs5 C6H5 - , = Nr=oNae i - CH3 
X X X ¥ 
XXIa, X =H XXITa, X= Y =H 
XXIb, X = D KAU ee =D. EY me 
SHE j okhs= cH, a¥: omsD 


secondary effects, kyyyya/kyxt1p = 1.16 and kyyyra/kyxtte 

= 1.04, led to the conclusion that here too, both carbon- 
nitrogen bonds stretch in the transition state but to unequal 
degrees. In a third and less symmetrical case, &-phenyl- 
ethylazomethane (XXIIIa) , 0-phenylethy1l-A-d-azomethane (XXIIIb) 
and o-phenyl-ethylazomethane-d3 (XXIIIc) were thermolyzed. A 
comparison of rates, kyyqtta/kyytrqp = 1.13 and kyyqtta/Kxxtttc 
= 0.97, led to the conclusion that the slow step involved 
rupture of only the &-phenylethyl carbon-nitrogen bond. 
Rupture of the methyl-carbon bond had to occur in a subsequent 


fast step. 
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It is possible to calculate kinetic isotope effects from 
a knowledge of the geometry and force constants in the 
reactant state and from assumptions of those in the transition 
state, Wolfsberg!5, 16 has made a computer program for "exact" 
calculations based on a program written by Schactschnieder!/ 
which calculated normal harmonic vibrational frequencies from 
given force constants, masses and positions of atoms. It 
should be noted that "exact'' refers to the presision in the 
calculations rather than to its relation to "exact" reality. 
The "exact" calculations arise as a result of a complete 
assessment of all the parameters involved in the Bigeleisen 


equation. 18,19 
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Here K is the transmission coefficient, S the symmetry 


number, Vy 1 /Yp 1 the ratio of frequencies along the 
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reaction co-ordinate and jj; is equal to hew,;/kt. 

Seltzer has used the Bigeleisen equation to enable him 
to get an estimate of the amount of hybridization change 
that occurs in the transition state during the potassium 
thiocyanate catalyzed isomerization of maleic acid.29 The 
inverse secondary &-deuterium isotope effect was measured 
over a temperature range of 15 to 80°. From the slope of a 
plot of the log of the measured isotope effect versus I/T, 
the net change in the carbon-hydrogen vibrational frequencies 
in going from the ground state to the transition state was 
evaluated. On comparing this data with the total net 
change of 565 em71 accompanying the change from sp3 to sp2 
hybridization, as determined by Streitwieser et _al,2! he 
estimated that the transition state lies a little more than 
halfway along the path between a trigonal and tetrahedral 
carbon atom. 

A similar conclusion was reached when calculations were 
made for the isotope effect for thermolysis of xxt.14 The 
calculated and observed é&-effects fitted best when all 
bending force constants associated with nitrogen were 


reduced in the transition state to 40% of their original 


value. 


(C) Isomerization of Vinylcyclopropane 
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The thermal isomerizations of cyclopropane and alkyl- 
cyclopropanes to olefins are among the best known examples 
of unimolecular reactions. They have been described in 
terms of a transition state involving a diradical22, OL ein 
terms of a complex where hydrogen migration occurs 
simultaneously with carbon-carbon bond rupture. 23 
Geometrical isomerizations of 1,2-dialkylcyclopropanes have 
been found to occur and are most frequently explained by a 
diradical mechanism. 24 

Another type of cyclopropane isomerization was observed 
when vinylcyclopropanes were heated above 300025-28 | 
Wellington2® found that the isomerization of vinylcyclopropane 
was a unimolecular, first-order and essentially homogeneous 
process which was unaffected by addition of nitric oxide. It 
yielded mainly cyclopentene together with small amounts of 
1,4-pentadiene and cis- and trans-1,3-pentadiene. The 
activation energies (kcal. /mole) were found to be: over-all 
process, 50.040.3; formation of cyclopentene, 49.7t0.3; 
1,4-pentadiene, S7eard 04 cis-1,3-pentadiene, 56.2¢0.8; 
trans-1,3-pentadiene, 53.640.8. They were all significantly 
lower than that for the cyclopropane isomerization to 
propylene (65.0 keal.). 20 It was suggested that the 


transition state was stabilized by a contribution from the 
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~ 
allylic resonance energy resulting in the lower activation 
energies. 

It is not known as yet whether the vinylcyclopropane thermoly- 
sis proceeds via a two-step mechanism involving a diradical 
(XXIV) or by a concerted process involving a five membered 
ring (XXV). Part of the goal of the present work is to ob- 
tain more information about the mechanism by arriving at a 


Similar diradical intermediate through the thermolysis of 


XXV 
3-vinyl-l-pyrazoline. 


An intermediate similar to XXIV is also possible in 
the study by Frey or the=réactionsvor fa hot” vinyleyclo- 
propane, produced by the addition of methylene to butadiene. 
This species underwent various unimolecular isomerizations 
to give cyclopentene, 1,4-pentadiene, cis-1,3-pentadiene 
and trans-1,3-pentadiene. Some of the cyclopentene was 
sufficiently vibrationally excited to undergo decomposition 
to cyclopentadiene and hydrogen. At the higher pressures 
(>200 torr) the major portion of the excess energy of the 
intermediate was removed by collisional deactiviation to 


yield vinylcyclopropane. However, at lower pressures 
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isomerization competed favorably with collisional 
deactivation. Some insertion of methylene into the 
carbon-hydrogen bonds was also observed, but was found to 
be pressure independent. The isoprene which was observed 
apparently arose from insertion rather than from the "hot" 
vinylcyclopropane, because its yield did not change with 
2 i 
CH? - CH - CH = CH? 
\ 3/ 
CH) 
pressure. Therefore, isomerizations from the "hot" 
vinylcyclopropane occurred via cleavage of the Cj-C9 or 
Cj-C3 bonds only. The "virtual diradicals" formed by 
cleavage of these bonds could be stabilized by allylic 
resonance, while the species formed from cleavage of the 
C9-C3 bond, which would eventually give isoprene, could not. 
Examples of the pressure dependence of the products are 
shown in Fig. 1 and Fig. 2. The percentage yield of vinyl- 
cyclopropane at a given pressure may be obtained by 


subtracting the total yield of the products shown at that 
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Fig. 1 Effect of pressure on yields of 1,4-pentadiene, 
cyclopentene and cyclopentadiene from addition 


of methylene to butadiene. 


20 F\ @® 1,4-pentadiene 


© cyclopentene 


@ cyciopentadiene 


Percentage Yield 


100 200 300 4.00 500 


Pressure (torr) 


In a study of the mercury photosensitized decomposition 


oes it was found that vinylcyclopropane was 


of cyclopentene 
the major product. Again, there is a possibility that 
vinyltrimethylene (XXIV) or a similar species may be in- 
volved as an intermediate. However, if such a species was 


formed, it would have to have a very short lifetime because 


the yield of vinylcyclopropane was unaffected by the addition 
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Fig. 2 Effect of pressure on the yields of isoprene, 
cis and trans-1,3-pentadiene from addition of 


methylene to butadiene. 
20 


@ trans-1,3-pentadiene 


© cis-1,3-pentadiene 


he 
ui 


@ isoprene 


Percentage Yield 
be 
ro) 


100 200 300 400 500 


of 6% NO, whereas the formation of CjQ products was 
completely inhibited. It is believed that the first step 

in the isomerization was the formation of an excited 

triplet state of eyelopentene: The formation of vinyl- 
cyclopropane must have involved cleavage of the B-carbon- 
carbon bond of the cyclopentene ring. Whether this occurred 
via an intermediate vinyltrimethylene or by direct isomer- 


ization in which one bond was broken as the other was 
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being formed, could not be determined experimentally. 
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CHAPTER IL 
3-VINYL-1-PYRAZOLINE - SYSTHESIS AND THERMOLYSIS 

(A) Syntheses 

There are three methods frequently used for the 
preparation of l-pyrazolines; (a) the 1,3 dipolar addition 
of a diazoalkane to an olefin, (b) the reaction of hydrazine 
with a 1,3-dihaloalkane followed by oxidation of the 
resulting pyrazolidine, and (c) the reaction of an 
o B-unsaturated aldehyde or ketone with hydrazine to give a 
2-pyrazoline, which upon reduction to the pyrazolidine is 
subsequently oxidized to the l-pyrazoline. 3-Vinyl-1- 
pyrazoline (XXVI) and 3-methyl-3-isopropenyl-1-pyrazoline 


(XXVII) were both prepared by the first method. 
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In 1932 Muller and Roser?’ added diazomethane to 
butadiene to produce a vinylpyrazoline. However, it is not 
evident whether the product was XXVI or its tautomer 
5-vinyl-2-pyrazoline. In the present investigation a two- 
fold excess of butadiene in an ether solution of diazomethane 
was sufficient to affect the preparation of XXVI in an 80% 
yield in 12 hours. In order to prepare XXVII it was 
necessary to add 2,3-dimethyl-1,3-butadiene to a concentrated 


ether solution of diazomethane and to let the mixture stand 
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for at least three days before completion, as judged by the 
disappearance of the yellow color. When isoprene was used a 
similar reluctance to add to the more highly substituted 
double bond was observed. The addition of diazomethane to 
the unsubstituted double bond to form XXIX was found to be 
nine times that of the rate of addition to the methyl 
substituted double bond to give XXVIII. 

eth N=N yj 

CHN2 + Z\Z% ———> 


XXVI 
ether” - N=N 


CH N95 aa name wpa 
NEN 
SXVIT wee 
CH»N5 spe _ether  . kash the ped 


XXVIII (10%) XX IX (90%) 
The pyrazolines have to be kept in the absence of air. 


Exposure for only a few minutes is enough to produce a yellow 
coloration. Prolonged standing at room temperature causes 
tautomerization to the 2-pyrazoline. Therefore, XXVI and 
its methyl derivatives were stored in the cold under an 
atmosphere of nitrogen. 

Proof of the structure of XXVI was obtained in the 
following manner. Microanalysis is consistent with a 
formula C5HgN9. The compound decomposes on heating to give 
nitrogen and hydrocarbon products typical of 1l-pyrazolines. 
The products obtained can all be explained as arising from 
a compound of structure XXVI. The ultraviolet spectrum had 


a 


Koy at 322 mu (E=336, CjHs50H) typical of 1-pyrazolines. 
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There is no absorption in the infrared spectrum (CCl,, 
Figure 3) above 3100 cm-l. which indicates the absence of 
nitrogen-hydrogen bonds in the molecule. The peak at 3090 em=1 | 
is typical of the vinylic carbon-hydrogen bond stretching 
vibration and the absorption at 1635 cm7! is consistent with 
the carbon-carbon double bond stretching mode. The presence 
of an azo group is indicated by weak absorption at 1540 em7l, 
(The absorption at 1540 cm~! is not strong enough to be seen 
in Figure 3 but it is observed in a more concentrated sample 
such as in Figure 9.) 

Final support for the structure comes from its nmr 
spectrum. The A-60 spectrum (Figure 5) appears very complicated 
because of its large number of lines. However, when the 100 Mc 
spectrum was obtained at a sweep width of 100 c.p.s. (Figure 6) 
it was possible to measure all of the chemical shifts and 
coupling constants, as shown in Table 5. The integration 
ratios (Figure 5) were found to be 3:3:2 for the olefinic to 
allylic to saturated protons as expected for XXVI. McGreer 
et _alSuggest that a dihedral angle of about 25° exists 
between the C3C,C5and C3C5NN planes in the l-pyrazoline ring 
on the basis of coupling constants between the protons at Cy, 
and those at C3 and Cs, as observed in the nmr spectra of the 
l-pyrazolines that they studied. The coupling constants in 


XXVI are similar to those quoted by McGreer, tmsit is likely 
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TABLE 5 


THE NMR SPECTRUM OF 3-VINYL-1-PYRAZOLINE (XXVI) 
H3 


Coupling Constants (c.p.s.) 


(Absolute Values) 


J1,2 = 17.4 

Jy3 «= 9.7 

he 5.0 

Jy5 = 263 

Jg.3 8.2 

Daan 9.0 

Jo5 = 223 

J34 = 12.6 

Jz5 = 8.1 

J4 5 = 8.8 

Chemical Shifts ({) (20% in CClzg) Js 6 o 6.4 

Hy = 5.49 J5 7 = 1.4 
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that XXVI exists in a similar conformation. 

The chemical shift difference between the geminal protons 
is mainly due to the anisotropy of the nitrogen-nitrogen dou- 
ble bond. Mishra’ ascribed the high-field proton at Cy in 
puckered l-pyrazolines to the proton furthest from the C3C>5NN 
plane, i.e the one in the axial position. It lies further 
inside the shielding zone, which is perpendicular to the 
C3C5NN plane, then does the equatorial proton. This assignment 
received additional support from the observation of Uebel and 
Martin?? im the cyclohexane derivative containing a diazirine 
ring (XXX), where the signal due to H, was observed at higher 


field than H,. Also, Fraser? found considerable difference 


Ha 
Hy 
R 
\ <i n 
> \N 
XXX XXXI 


between the chemical shifts of the exo-proton (H,) and the 
endo-proton (H,) in norbornene compounds (XXXI). He assigned 
the lower-field proton to H, which is nearer the plane of the 
double bond, while the higher-field proton was assigned to H, 
which is in the shielding zone. The methylene protons at C. 
also experienced the same type of shielding. 

The structure of XXVII, prepared by the addition of 


diazomethane to 2,3-dimethylbutadiene, was confirmed in the 
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following manner. The microanalysis is consistent with a 
compound, C7H}9N9. The ultraviolet spectrum has Be ae at 
324 mu (€=148) in ethanol typical of 1-pyrazolines. There 
is no absorption above 3100 cm! in the infrared (Figure 4) 
indicative of the absence of nitrogen-hydrogen bonds in the 
molecule. The absorption at 1653 em7! is consistent with 
a carbon double bond carbon stretching mode. The A-60 nmr 
spectrum (Figure 7) has multiplets at 75,17, 5.63, 8.25, and 
8.45 and a sharp singlet at 78.70 with integration ratios of 
2:2:3:2:3 respectively, also consistent with structure XXVII. 
From the HA-100 spectrum with the help of decoupling 
techniques it is possible to get all of the chemical shifts 
and coupling constants, as shown in Table 6. Since the 
chemical shift differences between the geminal protons on Cy, 
and C5 are very small the molecule has on the average, a near 
planar configuration. In other words the conformation 
where the methyl group is axial and the isopropenyl group 
equatorial has about the same population as the conformation 
where the isopropenyl group is axial and the methyl group 
equatorial. 

3-Vinyl-1l-pyrazoline-5,5-d9 (XXXII) was prepared by the 
addition of diazomethane-dy to butadiene in ether solution. 
The diazomethane-d 9 was obtained by base catalyzed exchange 
of the protons of diazomethane with deuterium oxide. After 


three succesive exchanges were carried out on the ether 
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TABLE 6 


THE NMR SPECTRUM OF 3-METHYL-3-ISOPROPENYL-1-PYRAZOLINE 


Hy, 


Chemical Shifts (JT) by Coupling Constants (c.p.s.) 
(Neat Liquid) (Absolute Values) 
Hy =f 52625 ie = 17-18 
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solution of diazomethane at 0°C, deuterium was incorporated 
into the molecule to the extent of 92-98%. An nmr spectrum 
of XXXII showed that the multiplet from 7J5.5-6.2 almost 
completely disappeared (Figure 8) indicating that the 
deuterium was incorporated into the Cs position as expected. 
Also the multiplets at 78.20 and 78.75 decreased from a total 
of 24 lines to 8 lines if coupling by deuterium is neglected. 
(B) Product Analysis 

Kinetic studies were carried out on XXVI between 128° 
and 148° in the gas phase in a stainless steel reactor at 
pressures of 100-200 Torr. The product analysis was usually 
carried out on samples that were condensed in the vacuum rack 
by liquid nitrogen after a kinetic run. The samples were 
isolated in small glass ampoules, which were sealed under 
vacuum, and kept until it was necessary to break them open 
for analysis. The boiling points of the products were high 
enough to allow them to be injected directly into the gas 
chromatograph (g.c.) with a microliter syringe. The other 
technique that was used occasionally involved thermolysis 
of the pyrazoline in small glass bulbs at the desired temp- 
erature. Injection into the g.c. was attained by crushing 
the bulbs with a special "bulb crusher" which was built into 
the carrier gas stream. | 


Analysis of the hydrocarbon products shows that vinyl- 
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cyclopropane (98.9%) is the major product with small amounts 
of cyclopentene (0.91%), 1,4-pentadiene (0.07%), trans-1,3- 
pentadiene (0.07%) and cis-1,3-pentadiene (0.04%). The 
yields of these products were found to be reproduceable 
throughout the temperature range of the kinetic study, i.e. 
128-148°. All products were identified by comparison of 
their retention times on three columns with those of known 
samples. The vinylcyclopropane and cyclopentene peaks were 
further confirmed by nmr after they were trapped by 
preparative g.c.. 

The best g.c. column for the product analysis was found 
to be 6, G -oxydipropionitrile on Chromosorb W (3%"' X 20'), 
upon which complete separation of all of the products was 
possible at 09. The two other columns that were used were 
squalene on Chromosorb P (%"' X 20') at 65° and dimethyl- 
sulfolane on Chromosorb W (%"' X 10') at 0°. However, trans- 
1,3-pentadiene could not be separated from vinylcyclopropane 
on the squalene column and cis-1,3-pentadiene had the same 
retention time as vinylcyclopropane on the dimethylsulfolane 


column. 
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(C) Kinetic Studies 

The kinetic results were obtained by following the 
increase of pressure with time during the thermolysis of XXVI. 
A transducer converted the pressure reading to E.M.F., which 
was indicated on a strip chart recorder. Since the time (t) 
was also recorded it was possible to obtain a rate constant 
for every kinetic run. First order kinetics were observed 
to greater than 90% completion. 

The rate constants were obtained from the data in the 
following manner. For a first order gas phase reaction of 
the type, A —» products, it can be shown4! that 


(Pa, - PS) 


Belg bee 
(Ko - Pt) 


kt (1) 


where P” is the actual pressure inside the reactor; k is the 
first order rate constant and t is time. In the present case 
the measured pressure P = P* - P,, where P, is the pressure 


to push the diaphram against the needle. 


Therefore, )log. a(BengP pe) + const. (2) 
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It is known that in the pressure range used, the trans- 
ducer E.M.F. (E), which is that recorded on the chart paper 
is directly proportional to P, 
i.e. P = aE +b (3) 


where a and b are proportionality constants depending on the 


particular transducer. 


kt + const. 


Therefore, log [aboot b = (aEp + b) | EG is 
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andelog? (El = Ep) = ses + const. (5) 


A plot of log (E,.- E,) against t gives -k/2.303 from which 


k is easily evaluated. An example of such a plot is shown in 
Figure 10. 


L found that the error in the measurement of k is 


Mishra 
about 1% when only the error in the measurement of E is 
considered, and at most 2-3% when fluctuation of the reactor 
temperature is also considered. Since the same apparatus was 
used for thermolysis of XXVI the rate constants obtained are 
also expected to be reliable to 2-3%. 

The effect of temperature on the rate constant is given 
by the Arrhenius equation (6), 

k = Ae ~Eg/RT (6) 
where E, is the activation energy and A is the frequency 
factor. Equation 6 can also be expressed in the logarithmic 
forms, (7) and (8). The activation energy E, was obtained 
from a slope of a plot of log k vs. 1/T. Once E, was found, 
log A was calculated from equation 8. Both parameters were 


also obtained by the method of least squares. 


In k = In A - E,/RT (7) 
or log k = log A - P35 a (8) 
2.303R ab 
For a gas phase reaction 
Aw =E,-nRT (9) 


where AH* is the enthalpy of activation and n is the order of 
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the reaction. For a first order reaction equation 9 becomes 
equation 10. 
Au - E, = (RD (10) 
From transition state theory+l 
k =(K T/h) 9-AH*/RT AS" /R (11) 
where k’ is Boltzmann's constant and h is Plank's constant. 


From 6,10 and 11 an expression for AS* can be obtained. 


Pe Ah 
Pate) = R 1n Te (12) 
Sekt ye h 
Oro eve = 2. 303R Clog ar + log A (13) 
e 


The entropy of activation was calculated at temperatures 250° 
and 135°. 

The results of the kinetic experiments are shown in 
Table 7. Data for the least squares calculation*2 of the 
activation parameters are shown in Table 8. 

From the data in Table 8, 
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TABLE 7 


RATE CONSTANTS AND ACTIVATION PARAMETERS FOR THE 


THERMOLYSIS OF 3-VINYL-1-PYRAZOLINE (XXVI) 


Temperature Rate Constant 
Run No. (°C) 104 k(sec7l) Activation Parameters 
1 38.4 25° 
2 139.6 Ze 
3 1S} < ay 21.8 
Ba 032 .220.2) skcal. 
4 135... /6 19e4/ 
log A = 14.5 
5 a ie L325 a 
AS25090 = 4.7 C di. 
6 128.4 9.64 4 
OS135 22-2) et. 
7 12820 SPARE 
8 147.6 61.0 
9 148.5 60.8 
10 146.9 weir ee 


11 143.5 40.2 
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— (64.942442) (-28.5368) - (26.7237) (-69.462882) 
-0. 21072 
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The Arrhenius equation for thermolysis of XXVI therefore 
becomes 


k 


1014.50 ,(-32.2/RT) 


s3ee = 2.303R log 45 
k Te 


4.57 (log A - 13472) 


4.57 (14.50 - 13472) 


4.70 e.u. 


4.57 (14.50 - 13.364) 


oe 
AS17135 
= 5.19 e.u. 


The probable error in the slope*3 (P,) is given by 


Soe ny eS Ea) 


where Py is the probable error of the residuals. 


0.6745 /&mxtb-y)2 
y n-2 


AS) 
ll 


Py. 0.6745, (1.1481 me1OiS 
= 0.00761 

P= 0.00/61 [ota 
= 0:0550 


The error in the activation energy E, in kcal /mole 


can now be calculated. 


Error = 0.0550 X 2.303 X 1.987 = 0.252 kcal. 
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E, = 32.20.25 kcal. /mole 


The probable error of the intercept43 (Pp) is given by 


2 
Ph = Pp deine 
. Hoa es ($x) 2 
0.00761 /_ 64.942 
0.21072 


= 0.1335 
log A = b = 14.50¢0.13 
and AS4sq = +4.7t0.5 e.u. 
Atay = +5.240.5 e.u. 


(D) Mechanism 
As was stated in the historical section, Mishral and 


Erickson® 


obtained good evidence for a hydrocarbon inter- 
mediate during the thermolysis of alkyl-l-pyrazolines. The 
intermediate was found to be symmetrical and to have the 


' Because XXVI is a similar 


properties of a 'yt-cyclopropane. ' 
compound, it is expected to have a similar mechanism of 
thermolysis. The observed activation energy (32.2 kcal ) 
represents a decrease of 10.2 kcal from that of 1l-pyrazoline 
(I) (42.4 kcal ). The decrease is attributed to a 
contribution from the allylic resonance energy, which 
stabilizes the transition state. There is some doubt as to 
the correct value of the resonance energy of the allyl 
radical. Theoretical estimates*+ and early experimentally 


based estimates+) »46 predict a value of 15-18 kcal. More 


recently, Benson*/ and Frey? have suggested the smaller 
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values of 13t1 and 12t1 kcal. respectively. The value of 10.2 
keal. for the allylic resonance energy contribution to the 
thermolysis of XXVI suggests that the electron is nearly 
completely delocalized in the rate determining transition 
state if Frey and Benson's estimates are correct. Of course, 
if the earlier estimates are closer to the true value then 
the value of 10.2 kcal. implies that the C3-N bond is only 
55-65% broken in the rate determining transition state, 
similar to what Seltzer suggests from secondary kinetic 
isotope effect data in various azo compounds. 14 

The product proportions support the suggestion that the 
intermediate is a '7{-cyclopropane" in that it prefers to 
undergo 1,3-closure to form vinylcyclopropane rather than 
1,5-closure to form the more thermodynamicly stable cyclo- 
cyclopentene. Since XXVI is expected to decompose with the 
vinyl group in the equatorical position the intermediate 
produced would be in the trans- configuration. In order for 
1,5-closure to occur the intermediate has to rotate into a 


suitable position. This rotation is expected to be hindered 
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4 30 2 
by partial bonding between Cj and C3 as well as by the 
delocalization energy of the allylic radical, so it is 
likely that the small amount of cyclopentene that is formed 
arises from the cissid intermediate that is obtained when 
XXVI is thermolyzed with the vinyl group in the axial 
position. In this case the geometry would be much more 
favorable for 1,5-closure. 

It is interesting to speculate as to the similarities 
of the intermediates involved in the thermolysis of XXVI 
and the vinylcyclopropane isomerization to cyclopentene. 
From the present work it is still impossible to rule out 
the concerted mechanism (Scheme 1), however it does show 


that cyclopentene can be formed from a vinyltrimethylene 
So 

Scheme 1 ——»+ < ee 

Scheme 2 D> ° O 


intermediate such as predicted by Scheme 2. If a vinyl- 


trimethylene species is involved as an intermediate in the 
vinylcyclopropane to cyclopentene rearrangement, then an 
energy diagram such as shown in Figurellis suggested. 
Our results show that vinyltrimethylene prefers to go to 
vinylcyclopropane rather than to cyclopentene. The energy 


diagram is also consistent with the observations of cis- 
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trans isomerizations of various 1,2-disubstituted cyclo- 
propanes24 and with the isomerization of trans-l-methyl-2- 


vinylcyclopropane to its cis-isomer ,2? 


which immediately 
decomposes to cis-1,4-hexadiene. In the latter reaction 
no 4-methylcyclopentene was found, which means that less 
energy is required for the cis-trans isomerization as 
suggested by the reaction co-ordinate in Figure ll. 
FIGURE 11 
REACTION CO-ORDINATE FOR THE VINYLCYCLOPROPANE TO 
CYCLOPENTENE REARRANGEMENT AS SUGGESTED BY 


| DATA FROM THERMOLYSIS STUDIES ON XXVI 


Standard Free Energy 


Reaction co-ordinate 


Further evidence for a reaction co-ordinate such as shown 
in Figure 11 has very recently been obtained by Willcott 


and Cargle. +8 They found that, during the first 6% of the 
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irreversible isomerization of cis- or trans-2-deuterio- 
vinylcyclopiopane to cyclopentene, complete loss of 
sterochemistry at the labeled site occurs. 


(E) Thermolysis of 3-Methyl-3-isopropenyl-l-pyrazoline (XXVII 


In order to obtain a vinylpyrazoline which upon thermolysis 
would give an intermediate that would have a geometry more 
favorable for 1,5-closure, XXVII was synthesyzed. The nmr 
spectrum indicates that the average configuration of the 
molecule is nearly planar so the isopropenyl group has to be 
in the axial position, favorable for 1,5-closure, nearly half 
of the time. However, when the compound is thermolyzed, the 
yields of the products (XXXIII, 96%; and XXIV, 3%) show that 
although the amount of 1,5-closure of the intermediate does 
increase over that of XXVI, the 1,3-closure is still greatly 
favored. 

The thermolysis studies were carried out in the same 
reactor and at nearly the same rates as XXVI. The rate of 
thermolysis of XXVII was found to be 0.30 times that of XXVI 


due to an increase of 1.4 kcal. in the activation energy. 
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It is interesting to compare the activation energies for 
thermolysis of XXVI and XXVII (32.2 and 33.6 kcal. resp.) 
with those for the isomerization of viny lcyclopropane?? 
and 1-methy1-1-isopropeny lcyclopropane?? (49.6 and 50.5 
keal. resp.). The similar increase observed in the 
activation energies of the two reactions upon the addition 
of two methyl groups indicates that the methyl groups 
affect the reaction co-ordinate in a similar manner. The 
effect is possibly due to a slight steric hindrance making 
it more difficult for the molecule to attain a position 
where the maximum benefit from allylic resonance can be 
obtained in the transition state. 


TABLE 9 


RELATIVE RATES OF THERMOLYSIS OF 3-VINYL-1-PYRAZOLINE (XXVI) 
AND 3-METHYL-3-ISOPROPENYL-1-PYRAZOLINE (XXVII) at 142: 54°26 


Compound 104k (sec!) Relative Rate 


3-vinyl-l-pyrazoline (XXVI) e( yy 1.00 
3-methy1-3-isopropenyl-1- 1025 0.30 


pyrazoline (XXVIT) 
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TABLE 10 


KINETIC DATA FROM THERMOLYSIS OF 3-METHYL- 


3-ISOPROPENYL-1-PYRAZOLINE (XXVIT) 


Activation 
Run No. Temperature (°C) 104k (sec 1) Parameters 
il 139.44 Sao 
2 139.3 7.94 
3 142.4 10.8 
E,=33.640.3 kcal 
4 eis, 18.6 
Log A=14.710.2 
5 As WAL) PRE 
AS55975-6+0.7 e.u. 
6 15455 3346 
7 A427 34.9 
8 hS 5.5 36.9 


(F) Thermolysis of 3-Vinyl-1l-pyrazoline-5,5-d9 (XXXII) 


Mishra,1,3,5 from observations on rates of thermolysis 
of alkyl-l-pyrazolines, suggested that both carbon-nitrogen 
bonds were breaking simultaneously in the rate-controlling 
step. Seltzer has used secondary kinetic isotope effects as 
a means of determining the amount of bond breaking that 
occurs in the slow step of the thermolysis of various azo- 
compounds, 11-14 He found a secondary kinetic isotope effect 
of 12-15% per deuterium atom when the deuterated carbon 
undergoes a hybridization change on going from the starting 
state to the transition state. When the CD-N bond cleaves 


in a subsequent fast step, no isotope effect is observed. 
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In order to determine whether the cleavage of both 
carbon-nitrogen bonds (Scheme 3) occurs in the rate 
determining step during the thermolysis of XXVI, 3-vinyl- 
l-pyrazoline-5,5-d>9 (XXXII) was prepared. The other 


possibility (Scheme 4) involves cleavage of only the C3-N 


Scheme 3 
N—N ae 
7 ee LOW Ss st 
1 fast 
products 
Scheme 4 
N—N | fast 
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bond in the rate determining step with the Co-N bond 
breaking in a subsequent fast step. No isotope effect 
would be expected if the thermolysis proceeds through 
Scheme 4. 

Upon thermolysis a secondary kinetic isotope effect 
was indeed observed (Table 11). It, ky/kp =1.2110.03, is 
only slightly lower than the 12-15% per deuterium atom 
observed by Seltzer on various azo compounds under slightly 
different conditions. Therefore, a considerable amount of 
hybridization change occurs at Co between the starting 
state and the transition state which means that the C5-N 


bond breaks in the rate determining step as suggested by 
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TABLE II 
THE SECONDARY KINETIC ISOTOPE EFFECT FOR THE 


THERMOLYSIS OF 3-VINYL-1-PYRAZOLINES-5,5-d9 (XXXII) 


Temper ature 
Experiment Compound (9G) 10°k (sec™+) ky/kp 

1 (a) XXVI 134.4 sg a 5, 

I 220203 
B&D) ye, BA 134.4 14.1+0.2 
&. (a) XXVI 135.5 173.520. 2 

? 2070203 
ook) crt a gk gi fo grade 14.620.2 


ky/kp = 1.2110.03 


Scheme 3. However, the 10.2 kcal. difference in the activation 
energies between I and XXVI suggests that the C3-N bond breaks 
easier than the C5-N bond. In order to explain both observa- 
tions we believe that both bonds are breaking in the rate-deter- 
mining step, but that this cleavage is not symmetrical, the a- 
mount of C3-N bond breaking being greater than that of the C5-N 
bond. 

The small amount of cyclopentene produced by  thermoly- 
sis of XXXII at 140° was trapped by preparative g.c. and its 
nmr spectrum was taken in order to determine whether it arose 
directly from the intermediate or from a small amount of 
decomposition of a "hot" vinylcyclopropane intermediate. 

The spectrum consisted of two singlets at 74.38 and 17.73 
at an intensity ratio of 1:2. The resonance at 17.73 (a 
triplet in the non-deuterated cyclopentene) is a broad 


singlet as expected when Cy is deuterated. Since there is 
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no resonance at ¥8.2 all of the deuterium has to be at Cy. . 
If the cyclopentene arises from a "hot" vinylcyclopropane 
the deuterium would be observed at both C3 and Cy; therefore 
it must arise directly from the vinyltrimethylene intermediate. 


(G) Effect of Temperature on Product Proportions 


Analysis of the products of the kinetic runs between 
128° and 148° indicated that the yields were reproducible. 
However, when XXVI was thermolyzed in the injection port of 
the g.c. at temperatures >2009 the yields of cyclopentene 
and the pentadienes were observed to have increased at the 
expense of vinylcyclopropane. Two new products, butadiene 
and cyclopentadiene, were also observed. In order to examine 
the effect of temperature on the product proportions, a 
series of thermolyses were carried out in the reactor at 
temperatures ranging between 128° and 186°. The data, 
together with the estimated half lives of XXVI at the various 
temperatures is shown in Table 12. The results show that the 
abnormal product proportions begin at 160° and increase at 
higher temperatures. 

In order to determine whether the abnormal amount of 


cyclopentene arises directly from the intermediate (Scheme 5) 
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or via a "hot" vinylcyclopropane (Scheme 6), XXXII was 
thermolyzed in the reactor between 175° and 180°. The 
products were injected into a preparative g.c. and the 
cyclopentene peak was trapped. Its nmr spectrum indicat- 
ed the product ratio (XXXV:XXXVI) to be 4713:5313. There- 
fore, a "hot'' vinylcyclopropane must be a precursor as 
predicted by Scheme 6. As a control experiment both 
cyclopentene and vinylcyclopropane were recovered un- 


changed after one hour at 180° in the reactor. 


Scheme 5 
¥ 
0 oo. Ge oy 
rl »+ Sia § [i ol] 
XXXII 
XXXV 
Scheme 6 
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At the higher temperatures a rather high yield of 
cyclopentadiene was observed indicating that the cyclo- 
pentene was also vibrationally excited when formed from 


the "hot" vinycyclopropane. Cyclopentadiene was also 


Co, 


XXXVI 


observed by Frey3l as a product of the addition of methylene 


to butadiene at low pressures. Analysis of the light gases 


from the thermolysis of XXXII at 186° showed Hy (58.5%), 
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HD (40.8%), and Dj(0.8%). The possibility also exists that 
some of the vinylcyclopropane produced at the higher temper- 
atures has already made the trip to cyclopentene and back; if 
so some deuterium should be observed in the terminal methylene 
of the vinyl group. A nmr spectrum (100 Mc) of a sample of 
vinylcyclopropane that was isolated from the products of 
thermolysis of XXXII at 181° showed that the integrated 
intensities of the terminal methylene was exactly twice that 
of the other proton in the vinyl group; therefore it contained 
no deuterium and no vinylcyclopropane arises from a "hot" 
cyclopentene. 

From the heats of formation and activation energy 
data25»59 construction of an energy diagram for the 
various reactions observed at temperatures above 160°C was 
possible (Figure 12). The heat of formation of XXVI was 
estimated by adding the difference between the heats of 
formation of azomethane and trans-2-butene (443.2 and -2.18 
keal. mole7! respectively) to the value estimated for 
vinylcyclopentene (+23.2 kcal. mole~-). The estimates for 
vinylcyclopentene and vinylcyclopropane were obtained by 
the method of Janz, 21 which involved the use of group 
additivities. The heats of formation of cyclopentene?! 
(+8.18 kcal. mole) and cyclopentadiene?3 (+31.8 kcal. 
mole7L) are known precisely. The estimated values?*4 are 


expected to be accurate to within t2 keal. mole7l, however 


“35° ae Lie : ey. | i 

tsi ejeixs oefs ytilidteeog edT a Ha ikl bas - (88.08) 
pea! E 

-reqme3 tofgid edd 3s boouborg anegorgo! ayotvatv ond 3 - 90 

ti ;2osd bas snejneqoloys o3 qtx3 odd obama osoxta = 29 


dew 


sasiydiom isniorzes offs nt bsvrsedo ed biuorde mutxe3u6b omoe of 


oe 


20 efqmse = 20 (0M 001) muz39eq@ “mn A quo Ientv ons fo 
to etouborq ef3 moxt ‘pedslows DBRS sasqoxqol ovata ; 
betsxgeiat edi sacs bewode LBL. 38 IIXXX 30 etevlomreds aN 


tsd3 soitws visosxo 2sw ons! qdaau Ipntarte3 edt 20 aotsiensaal ms * 
bentsinoa tr etotered3s ;quozg Iyatv eds nt ‘n030%q sedso eds ved ‘ 
"zor" 5 moti goats snsqgorqoloyolymiv on ( bas mibxo3ueb on 7, 

| | .easamegoloys y, \ 

ygiens aottsevidos bas sotssmzro2 o cased od mort ie 


oft 10d tie rg nBs >. ygrene) « ne ic notsqutsence | ORS aaeb ay 4 
esw D°08l evods esxiwisyeqmed 38 bevreedo woileatie avokyev fy 

esw IVXX to nottemro? to geen efT .(SI 9 mua) eldtesoq se 

Yo edser of%. meswisd sonetet2ib orl annntig yd besemizes Be 
81.S- bas $.€a+) snejud~S~ansat bas cmacsineng notsearot 


sot bstsemttes sulsv edd o3 (ylovis 


rot estamises oniT .Cratom ised §.€8+) 
yd benis3sdo s19w ompgotgoloyolyniv bas soxtenteliagilal 
quotg to seu ens bevioval dotdw bane 20 b sen 
Reeniiiers:. to aot 
.Isodt 8. ret) & Ca roel 


ors *zoulay tne 
sevewod .t"sfom isod St a 


ve 


- 5O ~« 
Figure 12 shows that evean much larger error would not affect 
the conclusions. 

The transition state of the thermolysis reaction of XXVI 
has a much higher energy than that of the subsequent processes 
(Figure 12), so the initially formed vinylcyclopropane is 
expected to be vibrationally excited. 4 Evidently, at temp- 
eratures below 160° and at the pressures used (100-200 Torr) 
collisional deactivation is efficient in allowing all of the 
vibrationally excited species to be deactivated to vinylcyclo- 
propane. As stated earlier, a control experiment showed that 
the small amount of cyclopentene that does form at the lower 
temperature Ci35~) arises directly from the intermediate and 
not via a "hot" vinylcyclopropane. However, at temperatures 
above 160° deactivation of the "hot" vinylcyclopropane must 
be less efficient and isomerization competes. The cyclo- 
pentene produced by isomerization is also vibrationally ex- 
cited as evidenced by the high yield of cyclopentadiene. 

The product proportions at the higher temperatures bear 
a qualitative resemblance to those of Frey, who obtained pro- 
ducts arising from a "hot'’ vinylcyclopropane produced by the 
addition of methylene to butal ema In both cases the yields 
of the other products could be made to increase at the expense 
of vinylcyclopropane, although Frey produced the effect by de- 
creasing the total pressure whereas in the present study it 


was done by increasing the thermolysis temperature. The 


effect of pressure on the products of thermolysis 
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of XXVI is currently being studied by B. Strehlke. The 
results of Frey are complicated by the formation of insertion 
products as evidenced by the presence of isoprene, whose 
yield was pressure independent. Isoprene was not observed 

as a product of thermolysis of either XXVI or vinylcyclo- 


propane. 29,26 
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CHAPTER III 
ty Fy LOMsEt.H_Y. LEN EM ETH AN,E 
(A) Introduction 
The species trimethylenemethane (XXXVII) is of 
considerable theoretical interest because its central 
carbon atom is bonded by 30 and 37 bonds to its 
neighbours making it possess the maximum possible 
bonding power for a carbon atom. Huckel molecular 
orbital (HMO) calculations place the total bond order? 


H Hi 2B 


-P 
i H 0) + ao 
B 
2p H 
H H DE7 = 1.468 


XXXVII 
of the central carbon at 4.732. This figure is used as a 


basis for calculations of the free valence index (fi) for 
any particular carbon atom (i), i.e. 
Nae. 732 ZPij 

where pjj is the bond order between adjacent atoms i and j. 
The HMO calculations (Appendix I) also predict that XXXVIT 
is a triplet in its ground state and that it possesses a 
high resonance energy (DE5, = 1.46B). 

During the past few years there have been several 


reports of experiments where XXXVII may have been produced 
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experimentally. Chesick?/ observed that ethylidenecyclopropane 
and 1-methyl-2-methylenecyclopropane can be interconverted and 


he proposed a trimethylenemethane intermediate. The activation 


ae Wee es eee 


energy for the process (40.6 kcal.) is 16 kcal. less than that 
predicted if there was complete steric inhibition of 
resonance in the transition state. Since the decrease is 
less than the predicted delocalization energy of XXVII he 
concluded that a completely planar trimethylenemethane is not 
the transition state but it could be an intermediate in the 
reaction. The results suggested that the transition state 
may actually be one where the plane of the HCR groups (R=H 
or CH3) of the ring are at an angle of about 45° with the 
plane of the other carben atoms, 

A similar rearrangement was observed by Ullman ?® upon 


thermolysis of Feist'’s ester XXXVIIIa. However, because of 


: CO5CH3 
O5CH3 ey 
CH 
CH> 
105CH 
2 
r CO7CH3 
XXXVIIIa XXXVIIIb 


the presence of electron-withdrawing groups 4 zwitterion 


intermediate might be involved rather than a substituted 
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trimethylenemethane species. 

Frey? has studied the addition of methylene, produced 
by photolysis of diazomethane and ketene, to allene. The 
major product, methylenecyclopropane, is formed in a highly 
vibrationally excited state and unless stabilized by 
collision it undergoes various unimolecular transformations. 
The principal reaction of the excited species gives rise to 
a molecule of acetylene and a molecule of ethylene. Other 
reactions that were also observed were the isomerizations 
to 1,3-butadiene, 1,2-butadiene, dimethylacetylene and 
ethylacetylene. 


CH9N59 + hy — CHy + No 


CH2cCO + hy ————* CHy + CO M 
— CH? 
GH yh ECHpIeeC t= CHD CH =| —-CHy = CH2 + HC = CH 


—>CH2 = CH - CH = CH? 


oly a= C = CH - CH3 
—CH = C - CH> - CH3 
—CH3 = C=C- CH3 


It is very likely that XXXVII is also formed readily 
from the "hot" methylenecyclopropane, but since none of the 
carbon atoms were labeled there was no way to determine 
whether Chesick's rearrangement occurred, However, Doering®0 
has observed incorporation of deuterium into the exo-methylene 


group on addition of CD2 to allene in the gas phase, indicating 


that chemical rotation was occurring in the excited methylene- 
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cyclopropane molecule. When he carried out the reaction in 
solution he found no deuterium in the exo-methylene group 
indicating that either the "hot" CD) is collisionally deacti- 
vated before addition or that the "hot" methylenecyclopropane 
formed is stabilized before it has a chance to isomerize. 

In several instances it has been possible to prepare 
transition metal 7il-complexes containing as ligands organic 
molecules which are unstable in their free state. A good 
example is the iron tricarbonyl complex of cyclobutadiene 
prepared by Pettit, Emerson, and Watts.©! Ina similar 
manner Emerson and coworker#“have recently prepared a metal 
complex with XXXVII as a ligand. It was obtained in 30% 
yield by stirring excess iron enneacarbonyl with 3-chloro- 
2-chloromethylpropene in ether at room temperature for 


twelve hours. The nmr spectrum of the complex consists of 


CH»Cl 
Fe (CO) ¢ CHy~” 
———— > 


e 
1 C 
CrinCi 0” ‘ SS 


a lone singlet at 8.00, indicating the equivalency OlaeLL 
the hydrogens. This, as well as cl3 nmr evidence, led Emerson 
to the conclusion that the complex is symmetrical and that 


the iron atom is situated directly beside the central carbon 


atom. 
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While the present investigation was in progress Dowd°3 
obtained an electron spin resonance (esr) spectrum, at-196°, 
of an intermediate from the photoylsis of 4-methylene-1l- 
Pyrazoline (XXXIX) with light of wavelength 315-335 mu. 


Peaks were observed at 3024, 3152, 3428 and 3556 gauss. 


N= 


XXXIX 


The results suggested that the spectrum is due to the 
presence of a triplet state species which has a three-fold 
or higher axis of symmetry. The fact that the species gave 
the spectrum for a period of a month after irradiation when 
stored in liquid nitrogen supports the suggestion that the 
esr signal is due to a ground state triplet. 

More recently, Dowd obtained the same esr signal by 


photolysis of 3-methy lenecyclobutanone®4 at -196°. The 


+ CO 


XXXVI 
spectrum obtained from the ketone was corigider ably stronger 
and better resolved than any obtained from the pyrazoline. 
The strong spectrum from the ketone also allowed the 


observation of the AM = 2 transition at 1590 gauss, which 


is further evidence that the spectrum in due to a triplet 
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= Be. 
species. The/\M = 2 transition is approximately 40 times 
less intense than the 4M = 1 transition and consequently 
could not be detected in the weaker pyrazoline spectrum. 
The direct and photosensitized photolysis of the 3,3, 
5,5-tetramethyl1-4-alkylidene-l-pyrazolines (XL) is the 
subject of a recent communication by Andrews and Day. ©5 
For both pyrazolines, the direct and benzophenone photo- 
sensitized reactions lead to entirely different product 


ratios, the latter giving a much higher proportion of the 


H X is 
XLa;X = Cl XLIa;X = Cl XLIIa;X = Cl 
XLb;X = OCOEt XLIb;X = OCOEt XLIIb;X = OCOEt 


the "rearranged'' isomer, XLII. They suggested that direct 
photolysis gives rise to a singlet intermediate such as 


XLIII, which is formed in a position where @~-bond formation 


XLIII 


giving XLI readily occurs. For the photosensitized re- 
action, they suggested that a triplet pyrazoline is first 
formed, which upon loss of ground state nitrogen leads to 


a triplet intermediate. The longer lifetime of the triplet 
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TABLE 13 
PRODUCT PROPORTIONS FROM THE PHOTOLYSIS OF XL 


Relative Yields 


XLI XLII 
Direct Photolysis 
XLa 1a) 23 
XLb 64 36 
Photosensitized [cotts) 200 | 
XLa A tie) 
XLb 18 82 


intermediate would allow rotation to a planar trimethylene- 
methane derivative. They suggested that the preference of 
the triplet intermediate to form the cyclopropane XLII over 
XLI was due to electronic and possibly steric factors. 

The thermolysis and photolysis of 4-isopropylidene-3,3, 
5,5-tetramethyl-l-pyrazoline (XLIII) has been studied by 
Mock. © Thermolysis of the deuterated compound (XLIIIb) at 


500° gives both XLIV and XLV at the statistical ratio of 1:2. 


CHy CH, CH CX3 
CH; H3 ig Aas 
CX3 CX3 meas CH3 

XLIIIa;X = H XLIVa;X = H XLVa;X = H 

XLITIb;X = D XLIVb;X = D XLVb;X = D 


However, a control experiment showed that the products 
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rearrange under these thermolysis conditions, so it was 
impossible to determine whether XLIVb or XLVb is the major 
initial product of the thermolysis. Photolysis of XLIIIb 
gives only XLIVb in solution. Itwasalso the only product 
of the gas phase photolysis when a pyrex filter was used, 
but 80% randomization occurs when the vapor was irradiated 
through quartz. Mock was unable to determine whether the 
observed retention is due to electronic effects or steric 
hindrance by the methyl groups preventing the formation of 
a planar intermediate. 

The method of synthesis that Mock used is noteworthy 
because his method is different than the three general methods 
for preparation of l-pyrazolines mentioned at the beginning 


of Chapter II in this thesis. 


Br NH2 NH? 


CD3 CD3 
0 


(1) CD3CHLAICD3 
(2) Dehydration 
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N—N 
Correlation diagrams for thermolysis and photolysis of 
XXXIX have recently been constructed by Borden.°’ The 
diagram for conrotatory reactions is shown in Figure tow. He 
predicts that thermolysis would lead to a singlet trimethylene- 


methane (XXXVII), which would readily close to methylenecyclo- 
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FIGURE 13 


CORRELATION DIAGRAM FOR CONROTATORY REACTIONS 
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propane. From the orbital symmetry of the non-bonding MO he 
predicts that no deuterium scrambling would occur if one of 
the methylene groups is deuterated. This prediction has been 
shown to be invalid by experiments that are discussed later 


in this chapter. The diagrams support Dowd's suggestion that 
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the esr spectrum observed when XXXIX is photolyzed at 
-196° is due to XXXVII in its triplet ground state. Borden 
predicts that XXXVII (a3) would not rearrange to methylene- 
cyclopropane, but this prediction also appears to be invalid, 68 

When the present investigation was begun one of the goals 
was to use the thermolysis of 4-methylene-l-pyrazoline (XXXIX) 
as a new route to trimethylenemethane (XXXVII). Previous 
studies on 1l-pyrazoline thermolysis have shown that a hydro- 
carbon intermediate may be expected, 1-558 so formation of 
XXXVII as the initial product of thermolysis of XXXIX is 
reasonable. When this work was reported as a communication, ©9 
of the aforementioned papers only the work of Frey, Ullman 
and Chesick had as yet been published. The rest appeared 
later except for Dowd's first paper which was published at 
the same time. Another goal of this work was to obtain more 
information about the mechanism of thermolysis of 1l-pyrazolines. 
We felt that these goals could be achieved by labeling one or 
more of the carbon atoms of XXXIX with deuterium. The rest 
of this chapter is devoted to the results and discussion of 
these experiments. 
(B) Syntheses 

The synthesis of XXXIX by the addition of diazomethane 
to allene was reported by D' yakonow/9 in 1945. We first 
attempted the preparation by carrying out the reaction under 


the same conditions that were used for the addition of 
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diazomethane to butadiene (i.e. a two-fold excess of allene 
in a 3% ethereal solution of diazomethane). However, the 
product was obtained in low yield and it contained a large 
amount of a tautomer that had an ultraviolet maximum at 

290 mi. The reaction was more successful when the ethereal 
diazomethane solution was concentrated by redistillation 
from 3% to approximately 12%, after which a three-fold 
excess of allene was added. After 15-20 hours at room 
temperature XXXIX was obtained in 70% yield. 

Proof of the structure of XXXIX was obtained from the 
following data. Microanalysis is consistent with the 
formula Cy,HgNj. In the mass spectrum the molecular ion has 
a mass of 82 also consistent with the formula Cy4H6N2. The 
ultraviolet spectrum has a Apay at 322 mu (€= 490) in 95% 
ethanol, typical of 1l-pyrazolines. The infrared spectrum 
(Figure 17) has no absorption above 3100 em7! indicating 
the absence of any nitrogen-hydrogen bonds. The bands at 
1535 and 1670 cm7! are consistent with the stretching modes 
of nitrogen-nitrogen and carbon-carbon double bonds. The 
nmr spectrum (Figure 14) consists of a quintet Glear276"a. p. 8.) 
at 74.87 and a triplet (J = 2.6 c.p.s.) at 75.12 with an 


intensity ratio of 1:2. The observed multiplicity is expected 
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if both vinylic protons are coupled with all of the allylic 
protons to the same extent. The value of the coupling con- 
stant (2.6 c.p.s.) is also typical for long range coupling 
between allylic and vinylic protons. 

Small amounts of acid or base readily cause tautomeriza- 
tion of XXXIX to the 2-pyrazoline, 4-methylpyrazole and other 
unidentified high boiling products. After XXXIX was prepared 
two or three times in the same vessel, the walls of the 
vessel became coated with a basic material which caused 
tautomerization and a low yield of XXXIX. Therefore, later 
preparations were carried out in new pressure bottles. 
Separation of XXXIX from the tautomers was accomplished by 
fractional distillation of the product using a 30 cm. Vigreux 
column. The pure pyrazoline could be stored at -78° under a 
nitrogen atmosphere for periods of two to three weeks. If 
it was stored for longer periods redistillation was necessary 
before it could be used for kinetic studies. When XXXIX was 
allowed to remain at room temperature for only a few hours 
considerable tautomerization occurred. The nmr spectra 
which were observed daily on a sample of XXXIX kept at room 
temperature showed that a complex mixture of products 
gradually replaced XXXIX; two of these appeared to be 
4-methylene-2-pyrazoline and 4-methyl-pyrazole. The latter 


was confirmed by isolation of the picrate (mp. 141-142, 115% ,mp. 142) which 


; - sd « 
_ otiylfs ed3 20 tle <a poles Pal 


’ is nese ao 


-anozexg port ety boa 2 : | a ls 

vi v ike. leptin, gO'a: | ea 

-ssizemojus2 saus° aie po to bios 40 etnvoms Ifsme RADY 
“el ¢1 berletdo, gan money ie 

tscdjo bns sfoss regi ydsem=) . onifiesszyg-S ort o3 XIXXX Yo nota . 
iad 3 ) Saco [wR te. aes wu 

bersqetq esw XIXXX xetIA_ . etowbesg gniltod mai bett sia 
‘ OPP ao4) 39au —i - . 


bseuss dolrdw [stxesem head 8 H3tw bessoo ousood Iseeov 
. ge ‘op om hs tee ; 
wetsI ,sr0otexzsnT XIXEX to bleky wot 8 bos not 
ae euatlis Be wandiis 
.e9ltied siweestq won ot tue bene: exe enot 
vr Xho eos . he 


wd bedetiqnosos asw eremo3ue3 mae een KIXEX 0 Proves ts ‘ 


‘wy Joos | 
xuougiV .mo O£ 6 goteu touborq oft 20 bintiiseae fenotisex2 
ii" bt ab ly ae uy | 
s xebou °8{- 3s boxose ed bines > eat tosees omy oat tr 


: A oe 
21 .ecleow soars 02 ow? 20 +103 pe , 
a ¥ T eo f. 7 me bu spent 
YxB28908N eBW notseliiserber onan pp henoe ae 


esw XIXXX nodW sotbuse onsite vod boeu ¢ 
esvod wet s vino wh sauaerogne? oor #8 
; , 


s1329g2 tan sat 
moot 3s age! KIRRK io « 


heneowe _ hb ng 
8B no Yih 


ies studs pi ‘ton eg teres 


meer Se as J oni Akay norte sie 39¢ ans 
: if a ~ a ; ve 5 = : higess » oa ‘ ote  F pod a) 
eae t a Ty 
“P i , { fi 4 2 rr? rps ted fe hi ole a , 
. ( F ? or yas ; : vr we heli, Laie, 
~e2ttef om “8 b “ bars ; 
pe: WOR ping bigs 
thicdw (SAL gm, © ti Arua . ihe MwA aan hae veer a) ee 
es g 


oe ee fA Ay gar 
Bed 9 ON cag) ie OR ‘ 
' on 
he i 


Ue bas 


- 05 - 


4.718 


N=N 
VO TSI 
CH, 


FIGURE 14 (1looMmd , 


A 
if | 
AF | 
. | 
30 | 

N=N 

he | 
| aus) : 
(external TMS) | 

eo ¢ 

oe ret Weta! STaieiet Et? 

mS 


bey eh- G+ 


SET DN A SEE 


of) Se 
FIGURE 16 —}r| 


(external TMS) 


- 66 - 


(\WO) ADNINDIY 
Coy COS 007 COL 008 OOH COD! COIL COZ COLL COMI COSI OOM COLI OBL COSI COZ 


, 
(SNO8DIW) HLONITZAVM 


(\W) ADNINOZd 
oo7 00s 009 COL 008 O46 CKO int 0021 me Oovt OOSL OOD ae 0081 0061 000z a o00t oose ooor 
eof — BEG ae = ai aioe ime “pet + ‘aa ae 
| 
Sea ne = | Mn! ee a ewe me tof UEEEaC SE aa ai | =e =e] ©! 
SS2e jet a et ees ee ee ee ee eo ees oO 
Scogpsesaese na: Fee ZI 2unoLd si gaoeee? San 
‘MES pcueeae P| sewn 


CTS ¥ E =e ; 

_ESteece) oY (NERaRanGN Ge Fc Ay 
EGSERUEIUNEE, Se nye 
Ce eh rte 


i : = ee eee aee nee eecn aan 00 
Ol 6 8 


JONVEYOSEV 


€ cr A 
isthown een 


a fk 
resulted from the addition of picric acid to a portion of 
the products. It is also necessary to store XXXIX under an 
inert atmosphere, because like other l-pyrazolines, it turns 
yellow in the presence of air. 

Preparation of 4-methylene-1l-pyrazoline-3,3,d5 (XLVI) 
was accomplished by the addition of diazomethane-dy to allene. 


ether 
CD9No + CHp = C = CHo “a9 On Aa, 


XLVI 


The ultraviolet spectrum of XLVI was identical with that of 
XXXIX. Bands at 2200, 2140, 2070 and 1038 cm=! in the 
infrared spectrum of XLVI (Figure 18) which are not present 
in the XXXIX spectrum are consistent with carbon-deuterium 
stretching and bending modes. Since the integrated intensities 
of the protons at 74.87 and 75.12 in the nmr spectrum of XLVI 
is 1:1, and since the resonance of the vinylic protons at 
J4.87 consists of a triplet, all of the deuterium must be in 
the 3-position. 

The addition of diazomethane to allene-d,/1 gave 
4-methylene-lepyrazoline-3,3,6,6-d, (XLVII). Similarily, 


addition of diazomethane-dyz to allene-d, gave 4-methylene-1- 
dioxane 
C13C - CCl = CCl2.+ Zn + D20 > CD>“"2C = Do 
+ CD3 - C = CD 


ether 
CDo = C = CD2 + ChLN2 0 7 —--——> 
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* 0 2 N==N 
CD2 = C = CD) + CDyN, ether, 2 2 
M2 
XLVITI 
pyrazoline-3,3,5,5,6,6-d, (XLVIII). The nmr spectrum of 
XLVII consisted of a singlet at 75.12 and a very small peak 
at J4.87 indicating that the exomethylene group was greater 
than 95% deuterated. The extent of deuteration of XLVIII can 
be estimated at 95t3% since the nmr spectrum of XLVI shows 
that the diazomethane-d, was 92-98% deuterated and the nmr 
spectrum of XLVII shows that the allene-d, was 595% deuterated. 
The allene-dy, together with some propyne-d,,was prepared by 
reacting zinc dust with hexachloropropene in a dioxane 
solution containing deuterium oxide. Most of the propyne-dy 
was removed by passing the products through an ammoniacal 
silver nitrate solution, 

Preparation of 3,3-bis(trifluoromethy1) -4-methylene-1- 
pyrazoline (XLIX) involved the addition of bis(trifluoromethy1)- 
diazomethane to allene. The addition was found to be much 
slower than the addition of unsubstituted diazomethane to 


allene so a higher temperature was required. After 20 hours 
(1) NHoNH 
(CF3) 9co +42-NH> CF3)2C = NH yeas (CF3)9C = NNH9 


(2) POC13 (2) 
Pb (OAc) 
CF, N=N CF3 N=N CH) = C = CH» 
Nee <————————_ (CF 3) 2N2 
CF 4 CF3 


XLIX (25%) L(75%) 
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4 69 °s 
at 78° XLIX was obtained as a mixture with 5,5-bis(tri- 
fluoromethy1) -3-methylene-l-pyrazoline (L) at a ratio 
(XLIX/L) of 1:3 as shown by nmr. All attempts to separate 
the mixture failed. It was possible, however, to examine the 
thermolysis products at 155° because L is stable at that 
temperature. The nmr spectrum of XLIX (Figure 18) consists 
of a multiplet at 74.29 and a triplet (J = 2.5.c.p.s.) at 
74.61 with an intensity ratio of 1:1. The peak at 14.29 
is a multiplet because of long range coupling by fluorine. 
The Fjg spectrum revealed that the coupling constant between 
the fluorines and the exomethylene protons is 0.6 c.p.s.. 
Chemical shifts of 73.65, 4.07 and 7.25 at integrated intensity 
ratios of 1:1:2 are observed in the nmr spectrum of L. The 
low field protons show an AB pattern (Jap = 2.0 c.p.s.) with 
each line also split into a triplet (J = 2.5 c.p.s.) due to 
long range coupling with the high field protons. Long range 
coupling with the fluorines (J = 0.7 c.p.s.) also causes the 
high field protons to exhibit a complex multiplet. 

The method of preparation of bis (trifluoromethy1) 
diazomethane was that of Gale et al./2 It involved several 
steps beginning with conversion of hexafluoroacetone to the 
corresponding imine; then the imine was converted to the 
hydrazone, which was subsequently oxidized to the diazo- 


compound. 


Addition of diazoethane to allene produced 3-methyl-4- 
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methylene-1l-pyrazoline (LI). The MS-9 mass Spectrum of LI 


showed that the molecular ion has an exact mass of 96.0691 


CH3CHN5 + CHoh=té = 


consistent with the formula CsHgN9 (calculated value = 
96.0688). A multiplet between 74.8 and 5.4 and a doublet 
at 78.53 (J = 7.0°c.p.s.) at an intendity £athiodof 523 
constitute the nmr spectrum of LI (Figure 20). The ultra- 
violet spectrum is very similar to that of 4-methylene-1- 
pyrazoline (XXXIX) and has a Amay at 326 mu (€= 290, 
methanol). 
(C) Kinetic Studies 

The thermolysis of XXXIX was studied in the stainless 
steel reactor at temperatures between 165 and 188°. Table 14 
shows the results of the kinetic runs together with the 
activation parameters calculated by an IBM 7040 computer 
from a method of least squares program. The computer also 
gave the standard deviation of the residuals from which the 
error in the activation parameters can be obtained. The 
probable error of the slope (P,) is given by 


ia 
Pm = Py nee - ($x)2 


where Py 0.6745 (standard deviation of residuals). 


From the computer data 


Eos 0.6745 (0.0096327) = 0.00649 
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TABLE 14 


RATE CONSTANTS AND ACTIVATION PARAMETERS FOR THE 


THERMOLYSIS OF 4-METHYLENE=-1-PYRAZOLINE (XXXIX) 


Run Temp. Bam Constant 
No. fC) 10‘k(sec ~) Activation Parameters 
i 7023 15.0 
2 i745 25 21,9 
3 py ears ere 
En = 32.640.3 kcal. mole7! 

4 176.5 25.0 

log A = 13.24t0.15 
5 1794/5 32.8 + 

AS359 = -1.1t0.6 e.u. 
6 184.9 49.4 
7 187.9 61t/ 
8 165)23 9.84 


8 
Pm = 0.0649 0,07529 
= 0.0668 


The error in kcal mole! is 0.0668 X 2.303 X 1.987 = 0.30, 
SO E, = 32.6£0.3 
The probable error of the intercept (b = log A) is given 


by 2x2 
PL = Py|ngx? “ (Sx) 2 


39.55 
0.00649 0.07529 


0.1485 


Therefore, 
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log A 


andAssep = -1, b£0.6 
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Another source of error in the kinetic studies that 
required a great deal of attention was the presence of a 
small amount of acid or base in the reactor during a kinetic 
run. The sample of XXXIX had to be completely free of any 
of its basic tautomers or else tautomerization of the 
pyrazoline would compete with thermolysis. Also, the walls 
of the reactor had to be cleaned frequently because a 
film of basic material, which could not be pumped off, 
gradually formed on them during the kinetic runs. 

The observed activation energy (32.640.3 kcal mole7ly 
represents a decrease of 9.6 kcal mole"! from that of 
l-pyrazoline (I) (42.4 kcal mole-!). The decrease is 
attributed to a contribution from the delocalization energy 
of trimethylenemethane (XXXVII) which is 1.468 from Huckel 
molecular orbital (HMO) calculations. A delocalization 
energy of 0.838 is obtained from the HMO calculations on 
the allyl system. If Benson's value for the allylic 
resonance energy (13¢1 keal.)4/ is used then B would be 
about 16 kcal., which suggests that the delocalization 


energy of XXXVII is about 24 kcal. Scheme 7 shows a 


N ~~ =N. 
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planar transition state where no contribution from the 
resonance energy of XXXVII is expected because the new p 
orbitals that are forming would be orthagonal to the 7T- 
orbital of the double bond. In Scheme 8 the reaction 
proceeds through a bent transition state with the C3C5NN 
plane perpendicular to the C3C,C5: plane, where the contri- 
bution from the resonance energy of XXXVII is expected to 
be close to 24 kcal.. Since the activation energies of 
thermolysis of I and XXXIX differ by only 9.6 kcal., a 
bent transition state is suggested but bond breaking cannot 
be extensive in the transition state. 

The difference, only 9.6 kcal , is possibly due to an 
unfavorable entropy for Scheme 8. As the angle between the 
C3C5NN and C3C,Cs5 planes decreases, the repulsion between 
the filled 7t-orbitals of the carbon-carbon and nitrogen- 
nitrogen double bonds is expected to increase resulting in 
a lower free energy of activation. If Scheme 7 is 
involved E, and AS350 would probably be somewhat similar to 
those for thermolysis of I, but if Scheme 8 is involved both 
parameters would likely be much lower. In fact, the £8350 
for thermolysis of XXXIX was found to be -1.1 e.u., which is 
the lowest yet observed for any l-pyrazoline. A similar 
effect of substitution in the 4-position was observed when 
4emethyl-1l-pyrazoline (III) and 4,4-dimethyl-1-pyrazoline 


(IV) were thermolyzed. 1:5 Almost identical activation 
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energies are observed but the ASDA for IV is 7.9t0.6 e.u. 
less than that for III. The decrease was attributed to 
steric compression in the transition state. 
Another possible explanation of the low value of log A 
( 13.24 ) is that the transmission coefficient (K) is less 
than unity. It was assumed to be unity in the calculation 
SEWAS5 69. If intersystem crossing occurs during the 
thermolysis of XXXIX then the potential energy profile can 
be represented as in Figure 21. The transmission coefficient 
FIGURE 21 


POSSIBLE POTENTIAL-ENERGY PROFILE FOR THERMOLYSIS OF XXXIX 
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would be equal to the probability for transfer from the 
singlet to the triplet state at point A. This is the same 


treatment that was used by Stern and Eyring /3 for the 


reaction 
N50 ——» No + 0(3P) 


for which they estimated that K = 10°+, For the thermolysis 
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a de 
of XXXIX, a small positive entropy of activation, which is 
normal for thermolysis of 1-pyrazolines,+!»2 would be observed 
if K = 1071 to, 1072. 
(D) Product and Isotope Labeling Studies 

An analysis of the thermolysis products of XXXIX showed 
that the only hydrocarbon product is methylenecyclopropane. In 
order to label one of the carbon atoms for mechanistic studies 
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9-12 show four possible thermolysis mechanisms of XLVI and 
the position of the deuterium in the products as predicted 
by each mechanism assuming that there are no isotope effects. 
If trimethylenemethane (XXXVII) is an intermediate in the 
reaction, C3, C5 and Cg would be expected to become equivalent 
in the intermediate, and if C3 is deuterated then two-thirds 
of the deuterium would end up in the ring and one-third in 
the exomethylene group of the methylenecyclopropane as in 
Scheme 9. If bonding between C3 and Co begins during the 
process of nitrogen elimination, as in Scheme 10, then all 
of the deuterium would end up in the ring. Schemes 11 and 
12 are possible mechanisms where the carbon-nitrogen bonds 
do not break simultaneously. Nitrogen containing intermedi- 
ates that react rapidly in a particular manner are involved 
in both schemes. 

When XLVI was thermolyzed, the ring to vinyl proton ratio 
in the product (R/V) was determined by nmr (Figure 22). It 
is compared with values predicted by Schemes 9-12 in Table 1L5. 
The results show that none of the schemes predict the actual 
yields of LIIa and LIIb. Two possible explanations are: 

(i) the thermolysis proceeds via Scheme 9 to give the 
Symmetrical species but there is an isotope effect in the 
product determining step such that kyp/kup = 1.37¢0.05, or 
(ii) the reaction proceeds via Scheme 11 but there is an 


isotope effect in the rate determining step such that 
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TABLE 15 


PREDICTED AND OBSERVED THERMOLYSIS PRODUCTS OF XLVI 


R/v* LIIa(%) LIIb (%) 
Scheme 9 aU 67 33 
Scheme 10 1.0 100 0 
Scheme 11 0 50 50 
Scheme 12 1.6 he 25 
Observed OTS TNs ORES OTS HORTEO? 


(a) R/V = ratio of integrated intensities of ring to vinyl 
protons in the nmr spectrum of LIIa + LILb. 


ky [ky = 1.46t0.06. The experimental results conclusively 
rule out Scheme 10. Scheme 12 can also be ruled out because 
it requires a secondary isotope effect such that kj/k9 = 0.25 
or k5/ky, = 4.0, which is very improbable. 

In order to determine which of the preceding explanations 


is correct, 4-methylene-1l-pyrazoline-3,3,6,6-d, (XLVII) was 


prepared. 
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Table 16 shows the yields of LIIIa and LIIIb predicted by 

Scheme Sane the assumption that kyy/kyp = kyp/kpp = 1-37 

is made, as well as the values predicted by Scheme L Wie rie 

ko /ky = 1.46. The observed yields of the products of 

thermolysis of XLVII at 175°, as determined by nmr (Figure 23) 

(Table 16), are within experimental error of those predicted 
TABLE 16 


PREDICTED AND OBSERVED PRODUCTS OF THERMOLYSIS OF XLVII 


R/V LIIla LIIIb 
seven @°0° 257420 10 Toro HTS12 
fae 0.6870.06 40.722 59.342 
Observed 2fs82trto 73.810.8 26.210.8 


by Scheme om Therefore, trimethylenemethane is an inter- 
mediate in the thermolysis of 4-methylene-1l-pyrazoline. 
Scheme 9” is the mechanism that one would expect by analogy 
with Mishra's results!»?> on the thermolysis of 4-deuterio- 
4-methyl-l-pyrazoline, which are discussed in Chapter I of 


this thesis. 
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Further evidence in support of Scheme 9 was obtained 
from studies of secondary kinetic isotope effects. The data 
are shown in Table 17. Cleavage of both carbon-nitrogen 
bonds in the rate-determining step is suggested because the 
isotope effect observed for XLVIII is about double that for 
XLVI and xivir. 11-14 

TABLE 17 
SECONDARY KINETIC ISOTOPE EFFECTS IN THE THERMOLYSIS 


OF DEUTERATED 4-METHYLENE-1-PYRAZOLINES 


Observed Corrected? 
Temp. Compound 104k (sec™+) 10 k(sec~ +) 
167.75 XLVI 9,.9t0.2 C750, 2 
ky/kp=1. 2640.03 
167.75 XXX 1X ToeecOElo T227tO 1? 
169.0 xX OV LT 1Os6r0e2 16252042 
ky/kp=1. 300.03 
169.0 XXXIX 13.6t0.1> 13.6+0.1> 
172.9 SLL 11.9t0.2 Vi 20.22 
172.9 XXX 1X 18.7to0.1> 18.7t0.1> 


(a) Corrected for incomplete deuteration fkD= (kobs-kutn) fp 
where fp is the fraction deuterated. 


(b) Calculated from the Arrhenius equation (log k = 13.24 - 
32 ,600/2. 303RT) 


If the thermolysis of XLVII proceeded via Scheme 19 then 
one might expect some hydrogen to be incorporated into the 
exo-methylene group via Scheme 13. When the thermolysis was 
stopped after one half-life, a nmr spectrum on the remaining 


pyrazoline was identical to that ofthe initial XLVI. The 
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CD, 


results rule out Scheme 13 and provide further evidence 
against Scheme 1 se. 

The question of whether or not the intermediate involved 
in the thermolysis of XXXIX is triplet trimethylenemethane 
cannot be answered from the foregoing data. The data show 
that a symmetrical species where all the methylene groups 
become equivalent is involved, but it may be a singlet as 
suggested by Borden’! From spin conservation the inter- 
mediate is expected to be formed in the singlet state, from 
which the rate of closure to methylenecyclopropane may be 
greater than the rate of intersystem crossing to the 
triplet state. Attempts to trap the intermediate by 
carrying out the thermolysis of XXXIX in cyclohexene and 
diethylfumarate solutions failed, which indicates that the 
lifetime of the intermediate is relatively short. A triplet 
trimethylenemethane might have a long enough lifetime to 
allow it to undergo bimolecular reactions. 

Borden predicts, from orbital symmetry considerations, 
that XLVI may give only LIIa and XLVII would give only LULL; 
The possibility that a vibrationally excited LIIa is the 
initial product, which subsequently rearranges to give the 


thermodynamic equilibrium mixture of LITIa and LIIb, was ruled 
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out by a control experiment. Heating a mixture of Lila (59.3%) 
and LITb (40.7%) at 250° for two hours (>10 half-lives) gave 
the thermodynamic equilibrium mixture which was found, by nmr 
(Figure 24), to be composed of 67.610.7% Lila and 32.4¢0.7% LIIb. 
Since thermolysis of XLVI produces 59.3% Lila and 40.7% LIIb 
both products must arise directly from the intermediate and a 
"hot" LIIa is not involved. 

A similar equilibrium mixture LIIIa (67%) and LIIIb (33%) 
was produced when LIIIa, prepared by the addition of diazo- 
methane to allene-d, in the presence of cuprous chloride, was 
heated in o-dichlorobenzene solution at 251° in an nmr tube. 
The same sample had previously been used to show that the 
rate of interconversion of LIIIa and LIIIb is, within our 
experimental error, the same as the rate of interconversion 
of 2-methylmethylenecyclopropane (LVI) and ethylidenecyclo- 
propane (LVII).2?/ 

Thermolysis of XLVII in solution gave LIIIa (72.471.0%) 
which is approximately the same mixture that was obtained in 
the gas phase thermolysis. This observation provides further 
evidence against a "hot" LIIIa intermediate because a "hot" 
species is expected to be collisionally deactivated more 
rapidly in solultion than in the gas phase. 

Chesick2’ has studied the thermal interconversion of 
(LVI) and (LVII) and suggests that a substituted trimethylene- 


intermediate (LV) may be involved. Thermolysis of 3-methyl-4- 
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methylene-1l-pyrazoline (LIV) is expected to give a similar 


intermediate, which can close to give either LVI or LVII. 


CH. 


N= wsetian | aie 


CH AS 9 RES 2 LVI (80%) 
GH Y 
ag ————— ere 
CH, 
LVII (20%) 


Analysis by g.c. indicates that actual product mixture is 
LVI (80%) and LVII(20%). Both products give nmr spectra 
that are identical to those reported by Chesick. The 
spectrum of the major product consists of a multiplet at 
T4.75, a multiplet at 78.75 superimposed on a doublet at 
T8.88(J=7 c.p.s.) and a multiplet at 79.3 with area ratios 
of approximately 2:5:1. The minor product gives a multiplet 
at 14.37, a doublet of quintets at 78.23(J=7 and 2 c.p.s.), 
and a multiplet at 79.03 at area ratios of 1:3:4. 

Enthalpy considerations can be used to explain the higher 
yield of LVI. The product-determining transition state be- 
tween LV and LVII has two primary "radicals" and the one 
between LV and LVI has a primary and a secondary'radical". 
The standard heats of formation of 2-methyl-1l-butene and 2- 
methyl-2-butene are known to be -8.68 and -10.17 kcal, respec- 


tively. /4 Removal of a primary and a secondary H atom from the 
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former would give a species similar to that predicted for 
the transition state between LV and LVI. Similarly, removal 
of two primary H atoms from the latter would give a species 
that is similar to the transition state between LV and LVII. 
Since the bond energy of a secondary carbon-hydrogen bond is 
3.540.5 kcal less than that for a primary carbon-hydrogen 
bond, /? the transition state between LV and LVI is expected 
to be about 3.5-(-8.68+10.17) = 2.00.5 kcal lower in 


enthalpy than that between LV and LVII. At 180° this will 


amount to e~2:0/RT = 1/9,2 in the ratio of products LVII/LVI. 
Since there are two possible modes of formation of LVI from 
LV and only one mode of formation of LVII from LV, the 
expected ratio of LVII/LVI would then be about 1/18.4 This 
corresponds to yields of LVI(95%) and LVII(5%), which is 
reasonably close to the observed yields, LVI(80%) and LVII 
e207.) 

Thermolysis of 3,3-bis(trifluoromethy1) -4-methylene-1- 
pyrazoline (XLIX) produces two products, LIX(7%) and LX(93%). 
Analysis and separation of the products was achieved by g.c.. 
The MS-9 mass spectrum of each product shows that both have 
the formula, CoH, Fe- The nmr spectrum of the major product 
in carbon tetrachloride solution consists of a septet at 
T8.45(J=1.8 c.p.s.) consistent with four equivalent protons 
coupled to six equivalent fluorines as expected for 


structure LX. The minor product has multiplets at ]4.22 and 
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8.05 which have equal integrated intensities, in accordance 
with structure LIX. The higher yield of LX can also be 
explained from enthalpy considerations. Since the trifluoro- 
methyl groups are electron-withdrawing the "radicals" in the 
transition state produced via Route I are expected to be 


destabilized. The lower energy path from the intermediate 


(LVIII) to a product would therefore be Route II. 


LX (93%) 
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CHAPTER IV 
Sh i Sue iad ead ge) hg a id Nia a 

All boiling points and melting points are uncorrected. 

The infrared spectra were obtained on a Perkin-Elmer 
Model 421 spectrophotometer equipped with grating optics. 
Nuclear magnetic resonance spectra were measured using Varian 
Associates Models A-60 and HA-100 Spectrometers. The 
ultraviolet spectra were obtained on a Perkin-Elmer 202, 
ultraviolet-visible spectrophotometer and a Cary Model 14M 
recording spectrophotometer. Mass spectra were obtained on 
A.E.I. MS-2-H and MS-9 mass spectrometers. Microanalyses 
were carried out in the Microanalytical Laboratory of the 
Department of Chemistry, University of Alberta. 

Gas chromatography was carried out with a F andM 
Model 500 programmed temperature gas chromatograph, using a 
variety of column packings. Preparative gas chromatography 
was carried out on a Nestor Faust "'Prepkromatic 850". The 
refractive indicies were measured on a Bausch and Lomb 
refractometer. 

(A) Preparations 

3-Vinyl-l-pyrazoline (XXVI). To a solution of diazo- 
methane’® at -78° (6 g, 0.14 moles) in 300 ml of ether was 
added butadiene (15 g, 0.28 moles) and the solution was 
allowed to come to room temperature. After the mixture had 


been kept at 25° for one day in a pressure bottle the 
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yellow color of diazomethane had disappeared. After evaporation 

of the ether and excess butadiene, distillation of the residue 

through a short Vigreux column gave 11 g (80%) of a product b.p. 

72-75°/40 mm, na? 1.4665. The ultraviolet spectrum in ethanol 

displayed a maximum at 322 mu (€ = 336, C5H5OH). The nmr 

spectrum is displayed in Figures 5 and 6. The infrared spec- 

trum is shown in Figure 3. 

Anal.Calcd. for CsHgHy: C, 62.5; H, 8.34; N, 29.2 

Found: Cye62.7;THe BLiS58evNo128.72 
3-Isopropenyl-3-methyl-l-pyrazoline (XXVIII). To 100 ml 

of an ether solution of diazomethane (6 g., 0.14 moles) was 

added 2,3-dimethylbutadiene (15 ml, 0.16 moles} The mixture 

was kept in a closed vessel, in the dark, for 3 days. The 

resulting solution was fractionated through a short column 

to produce 6 g of a colorless liquid, b.p. 66-67°/10 mn, ane 

1.4653. The ultraviolet spectrum in ethanol displayed a 

maximum at 324 mu (€2 148, C9H,OH). The infrared and nmr 

spectra are displayed in Figures 4 and 7 respectively. 

Anal. Calcd. for C7Hj9N9: C, biwAOasHs JaviaceNs 22.56 

Found: Ge 627+655 Hes9nGbsadNan22269 
4-Methylene-l-zpyrazoline (XXXIX). An ether solution 

of diazomethane (6 gin 300 ml. of ether) was dried by 

allowing the solution to stand over KOH or NaOH pellets 

for several hours, It was then distilled, behind 4 


shield and in a fume hood, until the boiling point was 
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Ge (700 mm). This procedure concentrated the diazomethane 
to about 6 g in-50-80 ml.°of e@ether.© Thirty ml: /of» liquid 
allene was then added and the mixture was kept in a pressure 
bottle at 27° for 15-20 hours. The ether and excess allene 
was evaporated under "vacuo" and the residue was vacuum 
distilled through a 30 cm. Vigreux column as quickly as 
possible. The yield was 8 g (69%), b.p. 49-50 (33 mm), 
no? 1.4714. The nmr and infrared spectra are reproduced in 
Figures 13 and 16 respectively. The ultraviolet spectrum 
has a Nery at 322 mp (€= 490, 95% ethanol). 
Atfed Caled. Sor U,HENey? Oyliss:. Gymbyn iz, Zio Nee ue, Is 
Found: GN58..3; 4 A.k.8 ginal 28 . 

Diazomethane-d»y was prepared according to the method 
of Leitch et al, except that the exchange was carried out in 
a cold room at 0°; yield, about 3 g (50%) in 300 ml. of 
ether. Redistillation gave a more concentrated solution of 
diazomethane-d, (3 g in 80 ml. of ether). 

4-Methylene-1l-pyrazoline-3,3-d9 (XLVI). To the concen- 
trated ether solution of diazomethane-dy (about 3 g in 
80 ml. of ether) in a pressure bottle was added approximately 
30 ml. of liquid allene and the mixture was kept for 15-20 
hours at room temperature. After evaporation of the ether 
and excess allene, the residue was rapidly vacuum distilled 
through a 30 cm. Vigreux column; yield, 2 g (357 0 


The boiling point, refractive index, and ultraviolet spectrum 
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are the same as those for XXXIX. The MS-2-H mass spectrum 
shows that the molecular ion has a mass of 84. The nmr 
spectrum (Figure 14) shows that XLVI is 92-95% deuterated. 

Allene-d,, was prepared by the method of Morse and Leitch. /! 
Approximately 15 ml. of liquid was obtained which was allene-d, 
(66%) and propyne-d, (34%). Most of the propyne-d, was 
removed by passing the mixture, in the gaseous state, through 
two portions of an ammoniacal silver nitrate solution. The 
solution was prepared by disolving silver nitrate (60 g) 
in 400 ml. of water and adding ammonia solution until the 
original precipitate dissolved. A g.c. analysis indicated 
that the gas was 98% allene-d,. 

4-Methylene-1-pyrazoline-3,3,6,6-d, (XLVII). To a solution 
of diazomethane (5 g , 0.12 moles) in 60 ml. of ether was 
added allene-d, (6 g , 0.14 moles). The mixture was kept in 
a pressure bottle at room temperature for 20 hours. After the 
ether and unreacted diazomethane and allene-d, were evaporated, 
the residue was vacuum distilled; yield, 4 g (40%). The 
colorless liquid obtained had a refractive index, ultraviolet 
spectrum, and boiling point that were the same as those of 
XXXIX. The nmr spectrum (Figure 15) indicated that the 3 and 
6-positions were >95% deuterated. 

4-Methylene-1-pyrazoline-3,3,5,5,6,6-d¢ (XLVIII) was 


dl 
prepared by reacting allene-d, (6 g , 0.14 moles) with diazo- 
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methane-dy (3 g , 0.07 moles) in 80 ml. of ether. After 
storage for 20 hours at room temperature, evaporation of the 
ether, and a rapid vacuum distillation through a 30 cm. 
Vigreux column, XLVIII was obtained as a colorless liquid; 
yield, 2 g (33%). Its boiling point, refractive index and 
ultraviolet spectrum were the same as those for XXXIX. The 
infrared spectrum showed only a small amount of absorption 
between 2050 and 2250 cm*!. From previous preparations 
involving diazomethane-d5 and allene-d,, XLVIII was estimated 
to be 95*3% deuterated. 

Ethyl N-ethyl-N-nitrosocarbamate was prepared by the 
method of Hartman and Phillips’ except ethyl N-methyl- 
carbamate was replaced by ethyl N-ethylcarbamate. The yield 
frepane Liquid, bep. 52.5-55,5 (5 mm.), was zz 2 (8472). 

3-Methy1-4-methylene-1l-pyrazoline (LIV). Ethyl N-ethyl- 
N-nitrosocarbamate (25 g , 0.17 moles) was added dropwise 
to a magnetically stirred solution of potassium hydroxide 
(25 ¢g , 0.45 moles) in 100 ml. of n-propyl alcohol. A slow 
stream of nitrogen carried the diazoethane that was produced 
into 100 ml. of decalin at -40°. The decalin solution was 
warmed to 25°; then nitrogen was passed slowly through it and 
into allene (12 g , 0.30 moles) at -78° until the orange- 
yellow color stopped increasing in intensity. The allene- 
diazoethane mixture was then transferred to a small autoclave 


and kept at 5° for 16 hours, after which the color had 
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disappeared. After the allene was evaporated and the residue 
vacuum distilled through a short Vigreux column, 1.5 g 
(10%, based on ethyl N-ethyl-N-nitrosocarbamate,) of a color- 
less liquid was obtained, b.p. 40° (10 mm), nd° = 1.4490, 
ins = 326 mp (€ = 290, methanol). The nmr spectrum is 
reproduced in Figure 19. The molecular weight obtained from 
the MS-9 mass spectrum is 96.0691 (calculated for C5HgN2, 
96.0688). 

bis (Trifluoromethyl) diazomethane was prepared by the 
method of Gale et al’9; yield 6.5 g (74%), b.p. 10 - 12°. 

3,3-bis (Trifluoromethy1) -4-methylene-1l-pyrazoline (XLIX). 
bis (Trifluoromethyl) diazomethane (6.5 g , 0.036 moles) was 
mixed with allene in a small autoclave. The autoclave was 
kept at 78° for 20 hours. After the excess allene and 
unreacted diazo-compound were evaporated, the residue was 
vacuum distilled through a 6 inch Vigreux column. A colorless 
liquid (3 g.. ) was obtained, b.p. 51° (30 mm.). The nmr 
spectrum (Figure 18) revealed that the liquid was a mixture 
of XLIX (25%) and its isomer L (75%). The Fj9 spectrum of the 
mixture has triplets at 72.09 and 72.87 ppm. from CFC13(J=0.6 
and Ow/+ Ce PaSa.FeSD,.) 
(B) Product Analysis 

The retention data for the products of thermolysis of 
3-vinyl-l-pyrazoline (XXVI) are shown in Table 18. Identi- 


fication of the products was accomplished by comparison of 
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the retention times with those of authentic samples on the 
columns shown. Vinylcyclopropane and cyclopentene were 
further confirmed when the particular peaks were trapped on 
the Prepkromatic 850 and the nmr spectrum taken. 

A g.c. analysis of the thermolysis products of 4-methylene- 
l-pyrazoline showed that only nitrogen and one other product 
were produced. The other product had an identical retention 
time (9.0 min.) as an authentic sample of methylenecyclopropane 
on a 20 ft. squalene on chromosorb-P column at 30°. This 
observation as well as the nmr spectrum, which in carbon 
tetrachloride solution consists of a quintet (J=2.2 c.p.s.) 
@te)4.05 and 4 triplet (J#2.2 c:p/s;) at Teeg5rat gn intensity 
ratio of 1:2, confirmed that the product was methylenecyclo- 
propane. 79 

Most of the authentic samples for g.c. comparison were 
readily available except for the following two compounds. 

Vinylcyclopropane was prepared by the addition of methylene 
iodide to butadiene in the presence of a zinc-copper couple as 
described by Overberger and Halek;89 yield, 0.7 g (11%); 
teported, 267. 

Methylenecyclopropane was prepared by reacting 3-chloro- 
2-chloromethylpropene with magnesium in tetrahydrofuran 
solution as described by Grayson et_al®!, yield (3 g,40%)by g.c. 
The product was obtained as a mixture with tetrahydrofuran. 


It was used without further purification, since only its 
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TABLE 18 


RETENTION DATA FOR THE THERMOLYSIS PRODUCTS OF XXVI 


Column Helium Retention 
Column Temp. (°C) Flow Rate Compd. Time (min. 
(m1 /min) from air) 
20" X 4" 0 60 butadiene 5.8 
0 60 1,4-pentadiene 9.4 
f&,8-oxydipropionitrite 0 60 cyclopentene 15.4 
0 60 trans-1,3-penta- PANS 
. diene 
10% on chromosorb W 0 60 cis-1,3-pentadiene 26.0 
0 60 vinylcyclopropane 28.7 
0 60 cyclopentadiene i phes 
40 60 butadiene 1236 
40 60 1,4-pentadiene Ze t/ 
40 60 cyclopentene 3.48 
40 60 trans-1,3-penta- 4.5 
diene 
40 60 cis-1,3-pentadiene 5.2 
40 60 vinylcyclopropane 5.5 
20° X 2" 65 70 butadiene 5.0 
65 70 1,4-pentadiene 023 
squalene 25% 65 70 cyclopentadiene S29 
65 70 trans-1,3-penta- 10.4 
diene 
on chromosorb P 65 70 vinylcyclopropane 10.5 
65 70 cis-1,3-pentadiene 11.4 
65 70 cyclopentene 14.4 
Bioxar |! 0 60 butadiene age 
0 60 1,4-pentadiene 4.6 
dimethylsulfolane 0 60 cyclopentene 8.4 
0 60 trans-1,3-penta- 11./7 
diene 
10% on chromosorb W 0 60 cis-1,3-pentadiene LS. 2 
0 60 vinylcyclopropane 13.3 
0 50 cyclopentadiene iy 


Oe 


retention time was required. 


The following procedure was used to obtain the yields of 


the deuterated methylenecyclopropanes produced by thermolysis 
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of the deuterated 4-methylene-l-pyrazolines, XLVI and LXVII. 

When the thermolysis was complete, the reactor was opened to 

the rack, which contained nitrogen at approximately the same 
pressure as that inside the reactor. During the evacuation, 

the gases were passed through a trap at -1969. After complete 
evacuation, the system was closed and the products were distilled 
from the trap into a nmr tube that contained carbon tetrachloride 
and tetramethylsilane. The proportions of each deuterated isomer 
were calculated from the ratio of ring protons (78.95) to vinyl 
protons (74.65) in the nmr spectrum. 

(C) Control Experiments 

(i) 3-Vinyl-1l-pyrazoline-5,5-d2 (XXXII) (0.4 g , 0.004 moles) 
was thermolyzed at 140° in a 500 ml. round bottom flask fitted 
with an adapter containing a stopcock and a ball joint. When 

the thermolysis was complete, the hydrocarbonswere transferred 
by a trap to trap distillation to a gas injection cell, from 
which they were injected into the helium stream of the Prep- 
kromatic 850. After the products were separated using a 3/8" X 
20' dimethylsulfolane on chromosorb W column, the cyclo- 
pentene-d5 peak was trapped. When the procedure was repeated 

a total of approximately 8 mg was accumulated. The product 
was then transferred on the vacuum rack to an nmr tube contain- 
ing carbon tetrachloride and tetramethylsilane. The absence of 
any resonance at 78.2 in the HA-100 spectrum indicated that all 


of the deuterium was at C)- 
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(ii) Several thermolyses of XXXII were carried out in the 
reactor at .1801t5°. At this temperature the half-life was 
estimated to be about 10 seconds. The products were trap- 
ped in the usual manner and transferred by a trap to trap 
distillation into a gas injection cell. They were then in- 
jected into the Prepkromatic 850 and.separated using a 1/4" 
X 20' B,B-oxydipropionitrile on Chromosorb W column. The 
cyclopentene-dy and vinylcyclopropane-dy were trapped and 
transferred to separate nmr tubes containing carbon tetra- 
chloride and tetramethylsilane. The cyclopentene-d, spec- 
trum consisted of a singlet at 74.38 and multiplets at 
7.71 and 8.20 at intensity ratios of 1:00:1.48:0.53, which 
corresponds to a mixture of cyclopentene-3,3-d5 (5323%) and 
cyclopentene-4,4-d5 (4713%). The multiplets at 75.12 and 
4.69 in the vinylcyclopropane-dy spectrum had an intensity 
ratio of 2,0740.10:1.00, indicating that the number of 
terminal methylene protons was twice that of methinyl 
protons, and that of all of the deuterium was in the ring. 
The non-condensable gases were also analyzed by mass 
spectrometry after one of the runs. The ratio of HD:H9:D, 
was found to be 40.8:58.5:0.8. 
(iii) In order to make sure that it is stable under the high 
temperature thermolysis conditions, 100 M1 of vinylcyclopropane 
was injected into the reactor. After one hour at 180°, the 


recovered liquid was shown to be pure vinycyclopropane by 
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g-c. analysis. Similarly, cyclopentene was recovered 
unchanged after one hour in the reactor at 180°. 

(iv) An experiment was designed to determine whether or not 
any scrambling of deuterium takes place in 4-methyl-1- 
pyrazoline-3,3,6,6,-d, (XLVII) under the reaction conditions. 

A sample was injected into the reactor at 1669 as in a normal 
run. After 12 minutes (one half-life) the reactor was then 
evacuated and its contents were collected in a trap at -196°. 
The trap was then warmed to 0° and the methy lenecyc lopropane-d,, 
was pumped off. The remaining liquid was transferred by a trap 
to trap distillation to an nmr tube containing carbon tetra- 
chloride and tetramethylsilane. The nmr spectrum was identical 
to that of the initial XLVII, which indicates that no deuterium 
scrambling occurs under the reaction conditions. 

(v) An experiment was conducted to determine the thermo- 
dynamic equilibrium mixture of LIIa and LIIb. A 30 ml sample 
of the product mixture (LIIa, 59.3% and LIIb, 40.7%) from 
thermolysis of XLVI was placed into a 20 ml. break seal. The 
break seal was heated in refluxing cinnamaldehyde (250°) for 
two hours (>10 half-lives). It was then joined to a vacuum 
rack and its contents were transferred by a trap to trap 
distillation to a nmr tube that contained carbon tetrachloride 
and tetramethylsilane. The nmr spectrum (Figure 24) showed that 


R/V = 1.96t0.04, which corresponds to LIIa (67.6%) + LIIb (32.47). 
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genera On BAG Te tmetire thong MaMethy lepetyb bien 
propane~-2,2,4,4-d, (LIIia). Allene-d, (5 g 0.11 moles) 
at -78° was placed into a cold 200 ml. three-necked flask 
containing cuprous chloride (0.5 g  , 0.005 moles). The 
flask was fitted with a dry ice condenser and a dropping 
funnel. After the allene-d, had warmed enough to reflux, 
diazomethane (3 g , 0.07 moles) in 40 ml. of ether was 
added dropwise with magnetic stirring. The addition was 
carried out in a fume hood and behind a shield. Stirring was 
continued for an additional 30 minutes after the addition was 
complete. A g.c. analysis indicated the presence of methylene- 
cyclopropane-d,; yield, approximately 0.5 g (13%). About 
10 mg. of the product was separated from the ether and allene-d, 
by preparative g.c. using a 3/8" X 20' Ucon on Chromosorb W 
column. It was then transferred to a thick walled nmr tube 
containing o-dichlorobenzene. The nmr spectrum showed that 
R/V = 8.8¢0.4 which corresponds to LIIIl.a (90%) + LIIIb (10%). 

The ratio R/V did not change after the nmr tube was kept 


at 181° for one hour. After 16 hours at 180° the ratio 
dropped to 7.1t0.4. The half-life for equilibration of LVI 
and LVII is 2.0 hours at 212°.°’ When the nmr tube was kept 
at 212° for 2.0 hours R/V became 3.7¢0.3, which is within 
experimental error of the ratio 3.4 that is estimated for one 
half-life. After one hour at 251° the thermodynamic equilib- 


rium mixture was obtained, for which R/V was 2.0440. 10. 
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(vii) Attempts to Add Trimethylenemethane to Cyclohexene 
and Diethylfumarate. Cyclohexene (3 ¢ , 0.037 moles) and 
XXXIX (0.5 g » 0.006 moles) were added to a 10 ml. autoclave. 
The autoclave was then heated at 190° for 30 minutes in an oil 
bath to thermolyze the XXXIX. A programmed temperature g.c. 
analysis of the resulting mixture indicated that only methylene- 
cyclopropane and cyclohexene were present. The Cio region, as 
judged by the retention times of cis- and trans-decalin, was 
completely free of any peaks. Under the conditions of the 
analysis a 0.1% yield of the adduct would have easily been 
observed. 

In an identical experiment, except that cyclohexene was 
replaced by diethylfumarate, no trimethylenemethane adduct 
was observed. 
coos 2 Seneca hell epho ele USP y"a2Uer joes aacmaay 
(XLVII) in Decalin Solution. A 50 ml. three-necked flask with 
14/20 joints was fitted with a reflux condenser and a special 
stopper that contained a rubber septum. A gas burette was 
connected to the top of the reflux condenser. Decalin (20 ml.) 
was added to the flask and heated to reflux (185°). A 100 val 
sample of XLVII was then injected into the liquid. When gas 
evolution ceased, a slow stream of nitrogen was passed through 
the entire system, forcing all of the gases to pass through a 
trap at -196°. The methylenecyclopropane-d, in the trap was 


distilled into an nmr tube containing carbon tetrachloride and 
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FIGURE 25 


SCHEMATIC DIAGRAM OF THE APPARATUS USED FOR THE KINETIC STUDIES 
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tetramethylsilane. In the nmr spectrum R/V = 2.62¢0.10, which 
corresponds to LIIfa (72.4%) and LIIIb (27.6%). This result 
is very similar to that obtained when XLVII is thermolyzed in 
the reactor. 
(D) Kinetic Measurements 

A schematic diagram of the apparatus used for the kinetic 
studies is shown in Figure 25. The reactor system is 
essentially the same as that designed by Smith and Bagley , 82 
with minor variations. The working procedure is also the 
same. Mishra's reactor was used but there were some variations 
in the attached glass apparatus. All samples were injected 


into the reactor as neat liquids. 
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APPENDIX I 


HUCKEL MOLECULAR ORBITAL CALCULATIONS ON TRIMETHYLENEMETHANE 


Cy 23 
Ng: | 
Cy 
The values of the energy levels (E) are obtained from 


the roots of the following secular determinant. | 


Hyy ~ SqiE ~ Hyp - Sy9F, Hy3 - 513E Hg = 5148 

H12 - S12E Hy? - S22E «= Hg3. - Sa3E = Haq - S24 

H13 - 513E H23 - S23E H33 - S33E H34 - 534k 

Hy, - Sy4E Ho4 - Sg4E H34 - S34E Hyg - 544k 

The overlap integrals (Si4) are assumed to be unity when 
i=j and O when i#j. 


Hii == coulomb integral 


Hyj = 8 = resonance integral (when i and j are 
adjacent atoms) 
Hi j = 0, when i and j are not adjacent 


The determinant now becomes 


x-E 0 eC 0 
- 0 
X-E B , 
B so iso. thettzvells P 
0 0 @ CE 


Roberts, "Notes on Molecular Orbital Calculation," 


1 Sa! YDS 
W.A. Benjamin, Inc., New York, (1962). 
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After dividing through by @ and letting (<-E)/P =x, the 


determinant becomes 


x 0 1 0 
0 x 1 0 
= 0 
1 1 x di 
0 0 1 x 
x 1 0 0 a 0 
x IE x 1 = 1 1. L = 0 
0 1 x 0 0 x 
9 <n, Leet Ladl 
x = -X = 0 
Laux Ove 0, =x 
nis - 3x2 = 0 
x (x? -3)x =0 
CR =x 0,.t V3 , 0 
EnS = cer 36, of 


The following energy level diagram can now be constructed. 


—— E =«x- 36 


aoe + E=« Eq = 4+ 213 B 
—f— E=x+ 3A 


The four electrons would go into the levels as shown. Hund's 
rule states that one electron would go into each of the 


degenerate orbitals and that they would have identical spins, 
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making the molecule a triplet. 
The resonance energy (DE) is given by 


DE, = E(delocalized) - E,r (localized) 


4x+ 2V3R- (44+ 26) 


1.46 B 
The wave functions of trimethylenemethane are of the 
form 
T= eX + €9Xy + 3X3 + OyXy 


The normalized coefficients are obtained by 


Saag = (cofactor) , tr ww is toda 
Cy (cofactor) 1 
<n = (cofactor) y if n is even 
C] (cofactor) 1] 
aoa Pe 
+}1 x1 
Sh SEES ae cba te Sy) 
il gee oan di) x2-2x 
+j1 x1 
Ope x 
G1 :0 
-jl xl 
Co = O1xi = x 
en 4-2 x3-2x 
1 
x O 
ie 1 9 
ag ob O-xiW. = 
Cc] yoeos x7-2x 
0 x4 
ae Lorie 
CZ = 10 O ll = — 
Cy x 3-2x x- 2x 
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n Cy/cy (Cy/cy)* Cy 

1 1 1 1/Vo- 

2 1 1 1/6 

3 3 3 1/2 

4 1 1 1/fo 


(en/e1)* = Vo 
Therefore, Yy = 1//6X, + 1/V6X, + 1/\2 X3 + 1/V6 X, 
Similarily, the wave functions, 2 andj, can be calculated 
for x = 0 and x = V3. 
Yo = 2/46 X, - 16% - 1/6, 
YG = U6 X, + 1/ eX - 12% + 1/V6X, 


When group theory is applied to the calculation, using 


a Cj Symmetry axis through C3 and C,, a three-row and a one- 


1 Z 


4 


row determinant result. The three-row determinant gives the 
Same wave functions that were determined by the previous 
method, while the one-row determinant gives the fourth wave 
function (3) which also has energy E=&. 
Ye 1//2 xX = 1/V2 Xo 
The wave functions can also be represented in the 


following manner. 
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The mobile bond order (Pj) can now be calculated; 

ELiaa Aiese4 

where N is the number of electrons in a given orbital. 
P13 = Po3 = P3, = 2 X 1/Vv6 xX 1/¥2 + O = 0.577 

Since the@=-bond order is 1.0 then the total bond order 

is 1.577. The central carbon atom of trimethylenemethane 

possesses the maximum possible degree of bonding for a 

carbon atom (2Pj4j = 3X1.577 = 4.732) so it is used as a 

basis for calculations of the free valence index (F). 
ie Cy ESP Aa ae 

For the methylene groups 
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OPEN, 


The charge distribution (qi) is given by 
occ. 9 


1.000 -> Ne; 


qi = 

q, = 1.000 - 2(1/v6)? - (2/¥6)* - (1/¥2)? 
= -0.500 

gp = 1.000 - 2(1/v6)? - (-1/¥6)* - (-1/¥2)? 


0.000 
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q3 = 1.000 - 2(1/¥2)2 
= 0.000 
q, = 1.000 - 2(1/v6)2 - (-1/V6)? 


+0. 500 


The results of the calculations are summed up in the 


following diagram. 
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